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Abstract 
Human-induced land use changes, including deforestation, agricultural encroachment 
and urbanisation, have caused widespread change in the global distribution of 
organisms and caused considerable declines in biodiversity through loss of habitat. 
Oil palm is one of the most rapidly expanding crops in Southeast Asia, but the impact 
of this crop on mosquito distribution, behaviour and exposure potential has been 
poorly explored. Understanding these factors is essential for developing, optimising 
and evaluating novel control measures aimed at reducing disease-transmission. This 
thesis explored the effect of land use change along an anthropogenic disturbance 
gradient (primary forest, disturbed forest, highly disturbed forest, oil palm plantations 
and rural housing estates) in Sabah, Malaysia. The community composition of 
anthropogenic mosquitoes was separated across land use, with the biggest difference 
seen between primary forest and oil palm plantations. This was largely driven by 
medically important mosquitoes attracted to oil palm plantations. Differences in 
community composition were also seen in areas of rural housing in comparison to 
primary and disturbed forest sites, due to a high presence of the dengue vector, 
Stegomyia albopicta, in housing areas. A higher abundance of anopheline vectors 
were found landing on humans in the disturbed forest and oil palm plantations then 
primary forest. This thesis found no difference between highly disturbed forest and oil 
palm plantation sites. This thesis also investigated the host-seeking behaviour of 
simian malaria vectors, by carrying out human landing catches at ground and canopy 
level across land use. Results demonstrated the potential ability of one of the vectors, 
Anopheles balabacensis, to transmit the simian malaria (Plasmodium knowlesi) 
between canopy-dwelling simian hosts and ground-dwelling humans, and that 
anthropogenic disturbance increases the abundance of the disease vector. Finally, 
this thesis investigated the use of different marking methods and the need for an 
improved dispersal experiment to be carried out.  
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Chapter 1 – General Introduction 
1.1. Overview  
Mosquito-borne diseases still thrive in many countries and are an important cause of 
morbidity and mortality, especially in the tropical and sub-tropical regions of the world. 
Malaria, the most widespread mosquito-borne disease, caused an estimated 198 
million cases resulting in 584,000 deaths in 2013 (WHO 2014b). Anthropogenic 
modification of ecosystems has often coincided with the emergence and re-
emergence of mosquito-borne diseases (Gratz 1999; Patz et al. 2000). Tropical 
rainforests are currently under threat from anthropogenic modification, particularly in 
Southeast Asia, which has the highest rate of habitat loss (Sodhi et al. 2004). It is 
important to understand the effect of deforestation on vector and parasite dynamics to 
improve our ability to assess health risks in a changing world.  
The main aim of the work in this thesis is to investigate the effects of land use change, 
with a particular focus on deforestation and oil palm plantations, on mosquito ecology 
and their associated diseases. It also investigates the biting behaviour of simian 
malaria vectors between canopy and ground level across land use. Finally, it 
investigates mosquito marking techniques to determine the most cost-effective and 
least detrimental method for future dispersal experiments on these vectors. This 
chapter begins by exploring land use change, oil palm expansion and the fundamental 
aspects of mosquito biology, ecology and associated diseases. It concludes by 
presenting the main aims and the structure of this thesis. 
 
1.2. Global environmental change and land use change 
Human-induced modifications of the global environment have caused widespread 
change in the global distribution of organisms (Chapin et al. 2000). Land use change 
is predicted to have the largest global impact on terrestrial ecosystems by the year 
2100, followed by climate change, nitrogen deposition, biotic exchange and the 
changing concentrations of atmospheric carbon dioxide (Sala et al. 2000). These 
components of change interact and all impose considerable influence on biodiversity 
Chapter 1 
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(Vitousek 1994). Land use and land cover change are predicted to have the largest 
impact on biodiversity due to loss of habitat availability (Sala et al. 2000). The 
conversion of natural ecosystems to any other land use, such as agricultural practice, 
water management and urban areas, inevitably results in habitat loss, degradation and 
fragmentation and is the major driving force behind worldwide biodiversity loss (Sodhi 
et al. 2004; Foley et al. 2005). Habitat modification can also play a major role in the 
emergence or re-emergence of diseases (See Section 1.3). 
1.2.1. Tropical deforestation and oil palm expansion in Southeast Asia  
Tropical rainforests are exceptionally rich in biodiversity, but are under increasing 
threat due to conversion to agricultural land (FAO 2010). Since 2000, over 40 million 
hectares of primary forest have been cleared, and around 13 million ha of forest are 
converted each year to other uses, such as agriculture (FAO 2010). Southeast Asia 
includes four biodiversity hotspots (Indo-Burma, Philippines, Sundaland and 
Wallacea) containing high biodiversity and a large number of endemic species (Myers 
et al. 2000) but also experiences one of the highest rates of deforestation due to 
logging, habitat fragmentation, urbanisation, agricultural practice and expansion 
(Sodhi et al. 2004, 2010b). The expansion of oil palm (Elaeis guineensis) cultivation is 
a major driver of deforestation, and is now the most rapidly expanding perennial crop 
within tropical regions due to increasing global demand for a cheap oil source for 
biofuel and food products (Koh & Wilcove 2007; Fitzherbert et al. 2008; Phalan et al. 
2013). Current projections show that Southeast Asia could lose up to three quarters 
of its original forest and 42% of its biodiversity by 2100 (Sodhi et al. 2004). 
Palm oil accounts for nearly 30% of the world’s edible vegetable oil (Carter et al. 2007). 
It is of huge importance for biofuel production, and in comparison to other edible oils, 
has high yields and a low production cost (Fitzherbert et al. 2008; Corley 2009). 
Malaysia and Indonesia are the top producers of palm oil, providing ~85% of global 
production (FAOSTAT 2015), but also have high rates of deforestation (Wood 1990). 
Since 1990, the tropical forests in Malaysia have decreased by 1.2 million ha and have 
been converted into farmlands or agro-forest (Adachi et al. 2011). Sabah, in particular, 
has experienced a high percentage of forest loss, with 39.5% of its total forest area in 
1973 becoming non-forest (oil palm and timber plantations) in 2010 (Gaveau et al. 
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2014). Between 1990 and 2005, many oil palm plantations in Malaysia were created 
by planting on pre-existing cropland, for example rubber, but up to 59% of oil palm 
followed the logging of secondary forests (Koh & Wilcove 2008; Koh et al. 2011).  
Oil palm plantations are structurally less complex than natural forests, with a uniform 
tree age, lower canopy, a highly variable microclimate, and greater human disturbance 
(Fitzherbert et al. 2008; Foster et al. 2011). Oil palm plantations are associated with 
reduced species richness, species diversity and overall abundance across most 
animal taxa (Koh & Wilcove 2008; Brühl & Eltz 2010; Foster et al. 2011). Oil palm is 
now the dominant agricultural crop across much of Southeast Asia (FAOSTAT 2015) 
and is expanding in Central and West Africa, Central America and the Amazon (Butler 
& Laurance 2009; Foster et al. 2011). The demand for oil palm is likely to increase, 
and Malaysia’s economy is highly dependent upon this industry (Carter et al. 2007). 
1.3. Human movement, land use change and mosquito-borne diseases 
The movement of humans through travel and transport has contributed to the spread 
of mosquito-borne diseases on spatial scales that exceed the limits of natural mosquito 
dispersal (Wesolowski et al. 2012). People can transport infectious mosquitoes to 
malaria-free areas, resulting in a resurgence of the disease (Martens & Hall 2000). 
The malaria risk through human population movement in industrialised countries is 
mainly by intercontinental travel (Tatem, Hay & Rogers 2006). In developing countries, 
urbanisation, colonisation, deforestation and agricultural labour migration can increase 
malaria risk (Martens & Hall 2000). Humans with a low-level immunity to diseases can 
move into a disease-endemic area and spread the disease (Martens & Hall 2000). 
Deforestation, agricultural development, road and dam construction, urbanisation and 
the increased proximity of people to wildlife all modify the conditions for transmission 
of infectious disease, which can result in public health and economic harm (Patz et al. 
2000; Foley et al. 2005; Coker et al. 2011).  Land use changes have been linked to 
conditions that may increase the transmission of infectious diseases and can lead to 
outbreaks and emergence episodes, but the effects of land use change on ecosystems 
and human health are diverse (Gratz 1999; Foley et al. 2005; Yasuoka & Levins 2007). 
Each environmental change can play an important part in changing the ecological 
balance within which vectors breed, develop and transmit diseases (Patz et al. 2000; 
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Norris 2004). Mosquitoes are the most important vector of human disease and actively 
transmit a wide range of pathogens. The key processes involved in disease 
transmission, following land use change, are summarised in Table 1.1. 
Table 1.1. The key processes involved in disease transmission, following land use change 
(Martens & Hall 2000; Patz et al. 2000; Norris 2004; Afrane et al. 2005) 
Life stage Key processes 
Breeding sites - Increased breeding sites from social detritus 
- Changes to microclimate may result in a change in species 
composition in larval habitats 
- Water control systems can provide new breeding sites (i.e. 
irrigation) 
Larval survival - Increased temperatures can shorten larval developmental 
times 
Host finding - Increased human presence may displace other wildlife and 
humans become a more significant host 
Fecundity - Land use change can increase fecundity  
Adult survival - Increased temperatures can shorten larval developmental 
times 
Pathogen transmission - Humans may introduce new infections during land use 
change 
- Humans with a low-level immunity to disease can move into 
a disease-endemic area and spread the disease 
- More humans in one area during urbanisation, means 
greater opportunity for infections 
Dispersal - Transport can exceed limits of natural mosquito dispersal   
 
Deforestation is associated with the resurgence of mosquito-borne diseases, such as 
malaria, Japanese encephalitis and filariasis, even after accounting for the effects of 
changing human population density (Bunnag et al. 1979; Walsh, Molyneux & Birley 
1993; Manga, Toto & Carnevale 1995; Mackenzie, Gubler & Petersen 2004; Foley et 
al. 2005; Vittor et al. 2009). The resurgence of malaria following deforestation has 
been shown in Africa (Manga, Toto & Carnevale 1995), Asia (Bunnag et al. 1979) and 
Latin America (Vittor et al. 2006).  
The effects of deforestation on emerging diseases are diverse, and can also reduce 
the risk of malaria transmission in certain areas (Yasuoka & Levins 2007). In Sarawak, 
Malaysia, deforestation resulted in reductions of the malaria vector, An. donaldi 
(Chang et al. 1997). Canopy removal exposed the previously shaded pools to sunlight, 
rendering them unsuitable for An. donaldi to breed (Chang et al. 1997). In some 
studies, the abundance of some malaria vectors increased following deforestation, 
while others decreased (Yasuoka & Levins 2007). The impacts of deforestation on 
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mosquito density and malaria incidence are complex, and are influenced by both the 
agricultural development and the ecological characteristics of the local vector 
mosquitoes (Yasuoka & Levins 2007).  
Land use changes modify temperature and relative humidity, which can affect 
mosquito survival, density and distribution, resulting in a change in vector abundance, 
competence and species composition (Patz et al. 2000; Yasuoka & Levins 2007). The 
temperatures of logged forests and oil palm plantations have a higher fluctuation over 
a 24 hour period than in primary rainforests (Koh, Levang & Ghazoul 2009; Turner & 
Foster 2009; Luskin & Potts 2011; Hardwick et al. 2015), which is predicted to have a 
strong influence on mosquito survival. Provided the temperature is not too extreme, a 
rising temperature can shorten mosquito development time (Stresman 2010). 
As different mosquito species vary in their habitat requirements, a succession of vector 
species occurs following deforestation (Patz et al. 2000), and usually increases the 
chance of disease transmission occurring from a vector that was not previously 
implicated (Norris 2004). Zoonotic disease transmission can occur when 
anthropogenic changes reduce biodiversity and bring humans closer to wildlife 
(Pongsiri et al. 2009). The removal of forests and increase of human hosts within 
localised regions has caused an exponential growth in human-wildlife interaction and 
conflict, which has resulted in the exposure of newly recognised pathogens to humans, 
livestock and wildlife (Wolfe et al. 2005). 
Agricultural development increases the number of humans working within an area, but 
can also alter environmental conditions to favour mosquito survival (Norris 2004). 
Agriculture can cause sedimentation, which can slow or block streams, allowing for 
water conditions favourable for increased vector development (Zhang & Shi 2001). 
Rice paddies are an example of agricultural development causing an emerging 
disease. These shallow bodies of water are an ideal breeding site for mosquitoes and 
can promote the transmission of Japanese encephalitis (Norris 2004; Coker et al. 
2011).  
There are also examples of when agricultural development decreased vector 
populations and malaria prevalence. In Karnataka, India, deforestation for coffee 
plantations reduced the malaria vector, An. fluviatilis, resulting in malaria elimination 
in this area (Yasuoka & Levins 2007). However, the development of coffee plantations 
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in Southeast Thailand favoured the survival of An. minimus, resulting in hyperendemic 
malaria (Yasuoka & Levins 2007). The risk of disease transmission in an area depends 
on the arrival of opportunistic vector species and the adaption of vectors to newly 
created niches (Pongsiri et al. 2009). 
Like deforestation and agricultural development, urbanisation also exposes humans 
to newly recognised pathogens and vectors (Norris 2004). In urban areas sewage 
management, runoff, sedimentation and artificial containers can provide many more 
mosquito breeding sites (Norris 2004). Artificial containers, such as tyres, bottles, 
buckets, water butts and cups, can provide a large number of mosquito breeding sites, 
which are particularly suitable for Stegomyia aegypti (=Aedes aegypti, see Reinert, 
Harbach & Kitching 2004) (Rattanarithikul et al. 2005b). Finally, the construction of 
roads provides access for new humans and livestock, and can lead to erosion of soil 
and create ponds by blocking the flow of streams during rainy seasons (Patz et al. 
2004). 
Water management includes ponds, dams, irrigation systems, paddies, sewage 
management and storm water management, and overlaps significantly with 
agricultural development and urbanisation (Norris 2004). Water control systems can 
provide new vector breeding sites where water was previously limited (e.g. irrigation 
canals) or by damming water, which is associated with higher malaria and Bancroftian 
filariasis prevalence (Harb et al. 1993; Alemayehu et al. 1998; Norris 2004; Keiser et 
al. 2005). Trypanosomiasis and onchocerciasis are also examples of vector-borne 
diseases affected by changing land use (Patz et al. 2004). 
Malaria has been found to be a major health burden within an oil palm plantation in 
Papua New Guinea (Pluess et al. 2009). To date, there are very few studies looking 
at malaria incidence in Southeast Asia. Chang et al. (1997) showed a reduction in 
malaria vectors following deforestation and conversion to oil palm. The abundance of 
the anopheline vector, An. donaldi, and malaria prevalence remained low during the 
first two years of oil palm planting and maintenance (Chang et al. 1997). Oil palm 
plantations have a 25-30 year life cycle, and begin fruiting after 3-5 years (Butler, Koh 
& Ghazoul 2009). Old plantations (22 years old, ~13 m closed canopy) have shown to 
have a more buffered microclimate than young plantations (8 years old, ~4 m closed 
canopy) (Luskin & Potts 2011). There is very little data on vectors and disease rates 
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in oil palm plantations, and whether anopheline abundance increases once oil palm 
plantations have started fruiting and are forming a closed canopy. 
1.4. Mosquito biology 
Mosquitoes serve as vectors for a variety of pathogens. Many species are significant 
pests to not only humans, but also domestic animals, with potentially fatal outcomes 
(Snow 1990). They are found on almost every continent, but the majority are found in 
the tropics and sub-tropics. The warmer climates allow them to be active all year 
round, with the ideal conditions being hot and humid with moderate rainfall (Gillett 
1971). Although control methods are used, mosquito-borne diseases still thrive in 
many countries and cause millions of deaths (Tren & Bate 2001). 
Mosquitoes are capable of breeding in a variety of environments. Many mosquitoes 
are generalists and choose a variety of oviposition sites (e.g. artificial containers), 
whereas others are specialists and choose unique habitats for laying eggs (e.g. 
bromeliads). The specialist mosquitoes usually disappear after land use changes, but 
generalists are able to survive in a wide variety of habitats (Rattanarithikul et al. 
2005b).  There are several types of oviposition sites, which are categorised into ground 
water (such as rivers, lakes, ground pools), artificial container sites (such as tyres, 
bottles, cups) or natural container sites (such as fallen leaves, tree holes, tree stumps) 
(Gillett 1971). Mosquitoes are able to breed in permanent water, semi-permanent 
water or temporary pools (Rattanarithikul et al. 2005b). 
All mosquitoes undergo complete metamorphosis within their lifecycle, with species 
having very similar patterns of biological development. Eggs are deposited on the 
surface of an existing or expected water source (Norris 2004). After the eggs hatch, 
aquatic larvae pass through four larval instars, whilst feeding on detritus, algae and 
biofilms (Norris 2004). A few non-vector mosquito larvae are predaceous. The larvae 
take a few days to several weeks to develop, depending on nutrient levels, 
temperature, competition and water condition (Becker et al. 2010). Pupal stage lasts 
for around 48 hours, before emergence as adults. Male mosquito adults are short-
lived and feed on juices from flower and fruits, but females of most mosquito species 
require a blood meal to obtain enough nutrients for the development and maturation 
of eggs (Clements 1992). 
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1.4.1. Host-seeking behaviour and dispersal 
Activities such as mating, dispersal, oviposition, resting and host choice vary between 
species and within species in different regions. Host-seeking by female mosquitoes is 
largely driven by olfactory cues released from a host’s skin and breath (Lehane 1991; 
Takken & Knols 1999). Hosts emit odour cues (e.g. carbon dioxide) that are diffused 
into the wind to form an odour plume. Host-seeking mosquitoes follow the behavioural 
steps of: activation to fly upwind, navigation of the odour plume using olfactory cues, 
surging and casting, close-range navigation toward skin and finally landing (Takken & 
Knols 1999).  Carbon dioxide, a major component of human breath, is an important 
kairomone shown to attract a large number of mosquito species (Takken & Knols 
1999). Other odours, such as lactic acid and various aldehydes have also shown to 
be important during the host-seeking behaviour of mosquitoes (Bosch, Geier & Boeckh 
2000). Host-seeking nocturnal mosquitoes are usually more active during a full moon 
than other times of the lunar phase, suggesting light is used during orientation to hosts 
(Takken & Knols 1999). Physical cues, such as heat and moisture also help host-
seeking mosquitoes find a host (Khan, Maibach & Strauss 2007). Gillies & Wilkes 
(1972) showed the distance at which different species responded to carbon dioxide 
baits was 30 m or less. 
Many flights of mosquitoes are goal-oriented, with flights ending in activities such as 
nectar-feeding, blood-feeding, resting, mating or oviposition (Silver 2008). Wind plays 
an important role in the dispersal of mosquitoes (Silver 2008). Transport has also 
facilitated the movement of disease vectors, as mosquitoes can be transported on 
aircrafts, trains, vehicles and ships (Tatem, Hay & Rogers 2006; Silver 2008). 
Understanding dispersal dynamics and flight ranges of mosquito vectors is essential 
for the mitigation of disease, successful implementation of protection against infection 
and an important step in understanding the ecology of a vector (Silver 2008). A variety 
of methods have been used to mark mosquitoes for mark-release-recapture (MRR) 
experiments, but few studies have addressed the implications of marking efficiency 
and survivorship on male and female mosquitoes following marking, and even fewer 
have compared marking methods (Silver 2008). Successful MRR studies require a 
benign and cost-effective marking technique that adheres to the mosquito for a defined 
duration. 
Chapter 1 
  
 
23 
 
1.5. Mosquito-borne diseases in Malaysia  
Malaria, dengue fever, chikungunya, Japanese encephalitis and lymphatic filariasis 
are spread by mosquitoes in Malaysia. There are 434 known species of mosquitoes 
in Malaysia, representing 20 different genera (Rahman, Che’rus & Ahmad 1997; 
Wiwanitkit 2007). Stegomyia (=Aedes), Anopheles, Culex and Mansonia are the four 
main genera containing medically important mosquitoes in Malaysia. Stegomyia 
species are of concern because they transmit dengue fever and dengue haemorrhagic 
fever (Lam 1993), Anopheles species transmit malaria and filariasis (Rattanarithikul et 
al. 2006a), Culex species can transmit Japanese B-encephalitis and filariasis 
(Rattanarithikul et al. 2005a) and Mansonia species can transmit filariasis 
(Rattanarithikul et al. 2006b). Anopheles account for 75 of the 434 species, and 9 of 
these are main vectors of malaria (Table 1.2) (Wiwanitkit 2007).
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Table 1.2. Medically important mosquito species found in Malaysia (Reid 1968; Rahman, Che’rus & Ahmad 1997; Sallum et al. 2005; Vythilingam 
et al. 2005; Wiwanitkit 2007; Vythilingam 2012; WRBU 2015)  
Species Disease spread Habitat Typical 
behaviour 
Resting 
behaviour  
Biting 
behaviour 
Stg. aegypti* 
(=Aedes aegypti) 
Dengue, chikungunya virus Clean and clear stagnant water. In artificial 
containers or natural habitats 
Anthropophilic Exophilic/ 
Endophilic 
Exophagic/ 
Endophagic 
Stg. albopicta* 
(=Aedes albopictus)  
Dengue, chikungunya virus Clean and clear stagnant water. In artificial 
containers or natural habitats 
Anthropophilic Exophilic/ 
Endophilic 
Exophagic/ 
Endophagic 
An. balabacensis* Human malaria, simian 
malaria 
Small pools of muddy water, in the forest 
and periphery 
Anthropophilic  Exophilic Exophagic 
An. campestris Human malaria, filariasis Still fresh water (marshes, drains, rice 
fields) 
Anthropophilic  Endophilic Endophagic 
An. cracens (=An. 
dirus B) 
Human malaria, simian 
malaria 
Shaded pools and streams Simio-
anthropophilic 
Exophilic Exophagic  
An. donaldi* Human malaria, filariasis Stagnant pools at forest edge Zoophilic Exophilic Exophagic 
An. flavirostris* Human malaria Shaded and unshaded stream margins and 
ground pools 
Anthropophilic/ 
Zoophilic 
Exophilic Exophagic/ 
Endophagic 
An. latens (=An. 
leucosphyrus A) 
Human malaria, simian 
malaria, filariasis 
Small pools of muddy water, in the forest 
and periphery 
Simio-
anthropophilic 
Exophilic Exophagic 
An. letifer Human malaria Stagnant pools, usually in shade Zoophilic Exophilic Exophagic 
An. maculatus s.l.* Human malaria, filariasis Small pools of muddy water, in the forest 
and periphery. Usually sunlit 
Zoophilic Exophilic Exophagic 
An. epiroticus/ 
sundaicus s.l.* 
Human malaria Coastal waters Zoophilic Exophilic Exophagic 
Cx. gelidus* Possibly Japanese 
encephalitis 
Temporary and semi-permanent ground 
pools, puddles and streams. Occasionally 
artificial containers  
Anthropophilic  Endophilic Endophagic 
Cx. 
quinquefasciatus* 
Filariasis Stagnant water Anthropophilic  Endophilic Endophagic 
Cx. sitiens* Filariasis and possibly 
Japanese encephalitis 
Brackish, salt and fresh groundwater 
habitats. In artificial containers 
Anthropophilic  Endophilic Endophagic 
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Cx. 
tritaeniorhynchus* 
Japanese encephalitis Stagnant water Anthropophilic  Endophilic Endophagic 
Cx. vishnui* Japanese encephalitis Stagnant water Anthropophilic Endophilic Endophagic 
Ma. uniformis* Filariasis, Japanese 
encephalitis 
Open ponds and swamps with floating 
vegetation 
Zoophilic  Exophilic Exophagic 
 *Species found in Sabah, Malaysia
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1.5.1. Dengue  
Dengue is mosquito-borne viral infection endemic to tropical and sub-tropical areas, 
found mainly in urban and suburban areas (Chen et al. 2005; Guzman & Istúriz 2010). 
There are four known serotypes worldwide (DENV-1, DENV-2, DENV-3 and DENV-
4), all known to cause dengue fever and dengue haemorrhagic fever in Malaysia  
(Abubakar & Shafee 2002). Dengue is spread by the mosquito genus Stegomyia 
(=Aedes). Stegomyia aegypti (=Aedes aegypti, see Reinert, Harbach & Kitching 2004), 
and Stg. albopicta (=Aedes albopictus, see Reinert, Harbach & Kitching 2004) are the 
main vectors of dengue, and are closely associated with humans and domestic 
environments (Guzman & Istúriz 2010). The global incidence of dengue has grown 
rapidly in recent decades (Bhatt et al. 2013; Messina et al. 2014). In Malaysia, there 
were less than 1,000 cases in 1973, but this has increased to 46,000 cases in 2007, 
and 108,698 cases in 2014 (Benitez 2009; Lee et al. 2015). 
The spread of dengue throughout Malaysia is thought to have followed the spread of 
Stg. aegypti, which replaced Stg. albopicta as the main carrier of the viruses 
(Abubakar & Shafee 2002). The accumulation of social detritus and storage containers 
in peri-urban areas has also contributed to dengue outbreaks (Coker et al. 2011). The 
distribution of Stg. aegypti and Stg. albopicta overlap in Malaysia and both spread 
dengue fever and dengue haemorrhagic fever (Chen et al. 2006; Rozilawati, Zairi & 
Adanan 2007). There is currently no specific treatment for dengue, and a safe vaccine 
is still in development (WHO 2015a). The current strategy to control or prevent the 
transmission of dengue virus is to control the mosquito vectors through reducing 
artificial man-made habitats, applying insecticides to outdoor water storage 
containers, applying insecticides as space spraying during outbreaks, using repellents 
and actively monitoring vectors (WHO 2009). 
1.5.2. Japanese encephalitis, lymphatic filariasis and chikungunya 
Japanese encephalitis is a mosquito-borne viral infection, spread by Culex species 
(mainly Culex tritaeniorhynchus and Culex vishnui) (Campbell et al. 2011). Japanese 
encephalitis occurs in East Asia and Southeast Asia, with nearly 68,000 cases every 
year (WHO 2014a). Japanese encephalitis is endemic in Sarawak, but sporadic cases 
are reported from all the other Malaysian states (Campbell et al. 2011). The 
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transmission cycle occurs in rural and suburban areas, where rice culture and pig 
farming coexist, with pigs and aquatic birds as the principle vertebrate amplifying hosts 
(Campbell et al. 2011). Most infections are mild, but 1 in 250 cases can result in severe 
disease. Approximately 20-30% of severe disease cases are fatal, and 30-50% of 
survivors suffer permanent intellectual, behavioural or neurological problems  (WHO 
2014a).  There is no cure for the disease, but there are vaccines available to prevent 
Japanese encephalitis  (WHO 2014a). 
Lymphatic filariasis is a parasitic infection caused by Wuchereria bancrofti, Brugia 
malayi, and to a lesser extent, Brugia timori. Wuchereria bancrofi causes 90% of all 
human lymphatic filarial infections (WHO 2015b). The majority of infections are 
externally asymptomatic, but filariasis can develop into chronic conditions, such as 
lymphoedema or elephantiasis of limbs (WHO 2015b). Over 120 million people are 
infected, with about 40 million of those disfigured by the disease (WHO 2015b). 
Vectors of filariasis in Southeast Asia belong to species of five mosquito genera; 
Anopheles, Culex, Downsiomyia, Mansonia and Ochlerotatus (Vythilingam 2012). 
WHO established the ‘Global Programme to Eliminate Lymphatic Filariasis’ in 2000, 
to eliminate filariasis by 2020, mainly through the implementation of Mass Drug 
Administration (MDA) (WHO 2013). Currently, the majority of filariasis cases in 
Malaysia are introduced into the country from migrant workers (Vythilingam 2012). 
Chikungunya is a mosquito-borne viral disease spread by Stegomyia species, which 
has re-emerged in Africa, southern and Southeast Asia, and the Indian Ocean Islands 
(Zim et al. 2013). Chikungunya is commonly mistaken for dengue due to similar clinical 
conditions. An outbreak occurred in Malaysia between December 1998 and February 
1999 due to uncollected rubbish and water storage containers (Lam et al. 2001). 
During the outbreak, public health education, active case detection and house to 
house fogging was conducted to reduce Stg. aegypti and Stg. albopictus numbers 
(Lam et al. 2001). Since the outbreak, the disease has become endemic in Malaysia 
(Lam et al. 2001). There is no vaccine or preventative drug available for chikungunya.  
1.5.3. Malaria  
Malaria still remains a public health problem within Africa, Southeast Asia, Central 
America and South America, affecting an estimated 198 million cases, and 584,000 
deaths in 2013 (WHO 2014b). It is known that human malaria is caused by four 
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Plasmodium species; Plasmodium falciparium, P. malariae, P. ovale and P. vivax, but 
a fifth Plasmodium species, P. knowlesi, has been recognised to cause symptomatic 
malaria in humans (Singh et al. 2004; Cox-Singh et al. 2008; White 2008). Since the 
first two cases of naturally acquired simian malaria to humans (Chin et al. 1965; Fong, 
Cadigan & Coatney 1971), extensive studies were carried out in the 1960s to 
determine the vectors and to study simian parasites in non-human primate and 
humans (Warren et al. 1970). No additional human P. knowlesi cases appeared until 
2004, suggesting that naturally-acquired infections were extremely rare (Singh et al. 
2004). 
Singh et al. (2004) used nested PCR assays to identify 120 cases of naturally acquired 
P. knowlesi, previously reported by microscopy as P. malariae, in the Kapit Division, 
Malaysian Borneo. Since then, a large number of P. knowlesi cases have been 
reported in almost all of the countries in Southeast Asia, with the exception of Laos 
(Jongwutiwes et al. 2004; Kantele et al. 2008; Luchavez et al. 2008; Cox-Singh et al. 
2008; Ng et al. 2008; Van den Eede et al. 2009; Figtree et al. 2010; Jiang et al. 2010; 
Khim, Siv & Kim 2011). Unlike the other four Plasmodium species, P. knowlesi is 
largely zoonotic. Monkeys, particularly the long-tailed macaque (Macaca fascicularis) 
and the pig-tailed macaque (Macaca nemestrina) found in Southeast Asia, are the two 
main natural hosts of P. knowlesi (Lim & Singh 2013). Before the rapid deforestation 
in Southeast Asia, the Anopheles (Cellia) mosquitoes responsible for spreading P. 
knowlesi were only found in the deep forest (Wharton et al. 1964; Chin et al. 1968). 
Since increased deforestation in many areas, monkeys and their forest dwelling 
vectors have moved closer to the forest edge and towards human habitation 
(Vythilingam 2010). 
Although P. knowlesi has been extensively studied, there is very little known about the 
vectors, their distribution and how canopy height and canopy closure affects their 
biting behaviour. In order to sustain a good control programme, it is important to 
monitor mosquito populations and how land use change affects their distribution. 
Malaysia has had a particularly successful malaria control programme, aimed to 
eliminate malaria by 2020, but P. knowlesi may become a serious threat to malaria 
elimination (William et al. 2013). From 1994-2011, P. vivax and P. falciparum have 
decreased 25-fold and 55-fold, respectively within Sabah, Malaysia, but the 
prevalence of P. knowlesi has increased >10 fold between 2004 and 2011 (Figure 1.1) 
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(William et al. 2013, 2014). Plasmodium knowlesi is now the most common cause of 
malaria in the Malaysian state of Sabah, it accounts for 62% of all malaria incidences 
in 2013 and presents a threat to malaria elimination (William et al. 2014). 
Since current indoor control methods for malaria do not prevent zoonotic transmission, 
as vectors are generally exophilic and exophagic, P. knowlesi cases are predicted to 
increase (Kantele & Jokiranta 2011). It is believed the extensive deforestation in 
Sabah has increased the prevalence of P. knowlesi, resulting in encroachment of 
humans in previously forested areas, and allowing a higher interaction with vectors 
and hosts (William et al. 2013). The effect of deforestation and fragmentation on 
mosquito vectors within Sabah has been poorly studied, but due to the increase in P. 
knowlesi cases, this area of research has high public health importance. 
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Figure 1.1. Plasmodium malariae/Plasmodium knowlesi cases, by divisions of Sabah, Malaysia, from 2001-2013. Population of divisions in 2010: 
Interior 424,524; West Coast 1,011,725; Kudat 192,457; Sandakan 702,207; Tawau 819,955. Reproduced from William et al. (2014)  
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1.6. Thesis structure and research questions 
This thesis is centred on the impacts of land use change, particularly deforestation 
and oil palm expansion, on mosquito community dynamics. It is divided into four main 
research questions: 
 
1. How does land use change affect the presence of human-landing and container 
breeding mosquitoes 
In Chapter 2, I investigate the ovipositional behaviour and community 
composition of mosquitoes along an anthropogenic disturbance gradient, from 
primary rainforest to rural housing estates in oil palm plantations. 
 
2. What are the impacts of oil palm expansion on mosquitoes and their associated 
diseases 
In Chapter 3, I focus on anopheline abundance and human landing rates along 
an anthropogenic disturbance gradient (primary rainforest to oil palm plantations), 
and their potential to spread malaria.  
 
3. How do community composition and abundance of mosquitoes differ between 
ground and canopy 
In Chapter 4, I investigate anopheline abundance further by looking at the human 
host-seeking preference and abundance of mosquitoes at canopy and ground 
level. In this chapter I mainly focus on the simian malaria, Plasmodium knowlesi, 
and the potential ability of anophelines to transmit P. knowlesi between canopy-
dwelling simian hosts and ground-dwelling humans 
 
4. Can a cost-effective, persistent and non-detrimental marking technique be 
established for use in dispersal studies 
In Chapter 5, I investigate different mosquito marking techniques to determine 
the most cost-effective, persistent and least detrimental method for use in future 
dispersal studies. 
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Chapter 6 is the concluding chapter in which I discuss the implications of my findings. 
I also discuss future land use change and malaria control methods. Finally, I outline 
topics for future study that will extend our knowledge in this research area.  
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2.1. Abstract 
Land use changes greatly affect the presence, development and behaviour of vectors, 
which can influence the transmission of mosquito-borne diseases. Southeast Asia is 
currently experiencing high rates of deforestation due to oil palm expansion, as well 
as facing increases in mosquito-borne diseases such as dengue and simian malaria. 
This study focuses on how land use affects mosquito community composition and the 
presence of medically important mosquitoes. Mosquito collections were carried out 
using human landing catches and ovitraps, along an anthropogenic disturbance 
gradient encompassing primary forest, disturbed forest, highly disturbed forest, oil 
palm and rural housing estates. Results showed significant differences in the 
community composition of anthropogenic mosquitoes between primary forest and oil 
palm sites. This is largely driven by medically important mosquitoes landing in oil palm 
sites, such as Stegomyia albopicta, Culex gelidus, Cx. sitiens and Cx. 
quinquefasciatus. Anopheles balabacensis was the most common species landing in 
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the disturbed forest, highly disturbed forest and oil palm sites, and is capable of 
spreading human and simian malaria. Significant differences in community 
composition were also seen in container breeding mosquitoes, with a high presence 
of the dengue vector, Stg. albopicta, in areas of rural housing.  
 
2.2. Introduction  
Land use changes, including agricultural encroachment and urbanisation, have 
caused considerable declines in biodiversity through the loss of habitat (Sala et al. 
2000; Foley et al. 2005). Southeast Asia contains tropical rainforests exceptionally rich 
in biodiversity, but these forests are under increasing threat from agricultural 
expansion and intensification (FAO 2010; Sodhi et al. 2010b). The increase in oil palm 
(Elaeis guineensis) cultivation is a main driver of deforestation and biodiversity loss in 
tropical forests, particularly Malaysia and Indonesia (Koh & Wilcove 2007, 2008; Koh 
et al. 2011).  Forest modification and conversion to oil palm plantations has shown to 
reduce the species richness and abundance of many taxa (Schulze et al. 2004; 
Fitzherbert et al. 2008; Turner & Foster 2009; Sodhi et al. 2010b; Foster et al. 2011), 
including birds (Peh et al. 2006; Koh & Wilcove 2008; Edwards et al. 2010), bats 
(Struebig et al. 2008), small mammals (Bernard, Fjeldså & Mohamed 2009), beetles 
(Chung et al. 2007; Edwards et al. 2014; Gray et al. 2014), ants (Fayle et al. 2010; 
Brühl & Eltz 2010) and butterflies (Koh & Wilcove 2008), but only a few studies have 
focussed on how forest modification will affect mosquito populations in Southeast Asia.   
Land use change and biodiversity loss can affect disease transmission through several 
mechanisms. Fragmentation can result in higher levels of human activity and human-
wildlife interactions, which increases the exposure to zoonoses, particularly in 
biodiversity rich areas containing novel pathogens (Wolfe et al. 2005; Wolfe, Dunavan 
& Diamond 2007; Keesing et al. 2010). Habitat alteration, deforestation and 
fragmentation can create new breeding sites for some species and affect 
microclimates (Walsh, Molyneux & Birley 1993). A warmer microclimate can shorten 
mosquito and parasite development time, making mosquitoes infectious more quickly 
(Stresman 2010).  
Deforestation, degradation, fragmentation and agricultural development may cause 
shifts in relative vector abundance (Norris 2004). Deforestation is driven by a variety 
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of human activities, including logging, agricultural development and road construction, 
resulting in higher human host abundance within localised regions and may increase 
disease risk (Norris 2004; Yasuoka & Levins 2007). Although some agricultural 
developments can also alter environmental conditions to favour mosquito survival, 
others can reduce survival. For example, the development of coffee plantations in 
Southeast Thailand favoured the survival of Anopheles minimus, resulting in 
hyperendemic malaria (Yasuoka & Levins 2007). In contrast, coffee plantations in 
Karnataka, India reduced the breeding sites for An. fluviatilis, resulting in the 
elimination of malaria in this area (Yasuoka & Levins 2007). Agricultural development 
also results in a higher human host abundance within localised regions, for example 
in agricultural workers housing areas (Norris 2004). The risk of disease transmission 
in an area depends on the arrival of opportunistic vectors, adaption of vectors to 
disrupted or newly created niches and migration of non-immune humans (Pongsiri et 
al. 2009). 
Human migration through travel and transport has contributed to the spread of 
mosquito-borne diseases on spatial scales that exceed the limits of natural mosquito 
dispersal (Wesolowski et al. 2012). Migration and urbanisation can transport infectious 
mosquitoes to malaria-free areas, resulting in a resurgence of the disease, and alter 
vector habitats and behaviours (Martens & Hall 2000; Norris 2004). Artificial 
containers, such as tyres, bottles, buckets, water butts and cups, in urban areas can 
provide a large number of mosquito breeding sites, particularly suitable for the dengue 
vector Stegomyia aegypti (=Aedes aegypti, see Reinert, Harbach & Kitching 2004) 
(Rattanarithikul et al. 2005b). In Southeast Asia, the resurgence of dengue has been 
linked to the accumulation of social detritus and storage containers in peri-urban areas 
(Coker et al. 2011).  
Malaysian Borneo is a hotspot for forest loss and degradation, with nearly 80% of 
Sabah and Sarawak impacted by logging and clearing operations between 1990 and 
2009 (Bryan et al. 2013). The landscape of Sabah and Sarawak are now dominated 
by degraded forests, timber plantations and oil palm plantations (Bryan et al. 2013). 
Few studies have looked at mosquito presence and community composition in these 
areas. Chang et al. (1997) showed a reduction in malaria vector abundance in 
Sarawak following deforestation and conversion to oil palm, but an increase in dengue 
vectors. Since land use change is complex, further accumulation of data is needed to 
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help develop predictive models to reduce disease transmission. The overall aim of this 
study was to examine the effect of land use on mosquito abundance, community 
composition, and the presence and absence of medically important mosquitoes using 
human landing catches and experimentally-positioned water-filled containers 
(ovitraps). The present study was aimed to provide preliminary data on the ecology of 
the mosquito fauna in this region for the development of effective control strategies.  
 
2.3. Methods 
2.3.1. Study site 
This study was conducted in the Tawau Division of Sabah, Malaysian Borneo. Study 
sites were selected along an anthropogenic disturbance gradient; primary lowland 
dipterocarp rainforest (PF), twice-logged disturbed dipterocarp rainforest (DF), twice-
logged highly disturbed dipterocarp rainforest (HDF), oil palm plantation (OP) and rural 
oil palm plantation labour housing compounds estates (RU). Rainforest sites were 
defined based on canopy closure, measured at each collection site using a spherical 
densiometer. The average canopy closure values along the anthropogenic 
disturbance gradient were, 79.9% in the primary forest, 74.9% in disturbed forest, 
68.6% in highly disturbed forest, 40.3% in oil palm sites and 0% in rural housing 
estates.  
Primary forest survey points were selected in the Maliau Basin Conservation Area 
(4°5’N, 116°5’E). Survey points within the primary rainforest were selected in an area 
that has never been logged commercially, with the exception of a few sites being 
selectively logged in the 1970s and 1990s to build the Maliau Field Centre. Forest 
quality is still classed as unaffected by logging and is substantially different from the 
commercially logged forest (Ewers et al. 2011).  
Logged forest and semi-urban survey points were selected within the Benta Wawasan 
oil palm plantation (4°6’N, 117°5’E). The 45,601 ha area is a mixture of twice-logged 
rainforest, virgin jungle reserve, acacia and oil palm. Logged forest survey points were 
in selectively twice-logged forest, logged during the 1970s and 1990s-2000s. Oil palm 
plantation survey points were in areas of Elaeis guineensis monocultures, planted in 
2006 and located 500-700 m from the forest for the majority of the survey points. The 
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rest of the survey points were planted in 2000, and were located 1 km from the forest. 
Semi-urban survey points were located in local housing estates, 500 m from the oil 
palm plantation sites. Survey points were selected to synchronise with the central 
sampling design of the ‘Stability of Altered Forest Ecosystems (S.A.F.E.) Project’, a 
large-scale fragmentation experiment, which is investigating the long-term effects of 
forest fragmentation (Figure 2.1, Ewers et al. 2011).  
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Figure 2.1. Map of the Stability of Altered Forest Ecosystems Project, located in Sabah, Malaysia (a) Primary forest sites (b) Continuous twice-
logged forest (c) Twice-logged forest and fragmented forest in an oil palm matrix (d) Oil palm plantation sites (e) The fragmentation experiment 
comprising of six blocks (A-F). Reproduced from Ewers et al. (2011)
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2.3.2. Human landing catches 
Human landing catches were carried out from October 2012 to April 2013 between 
18:00-23:00h, for 84 nights. A total of 14 survey points were selected, with two 
mosquito collectors sampling simultaneously per night. Three survey points, with a 
minimum separation distance of 600 m, were selected in the primary rainforest and oil 
palm plantation. Eight survey points were selected in logged forest.  
A pilot study was conducted 17:00-01:00h in each sampling area to determine the 
biting patterns of Anopheles. It demonstrated Anopheles species in each sampling 
area started biting after 18:00h, with a decrease in abundance by 22:00h (Figure 2.2). 
One mosquito collector remained constant during the overall sampling period, but the 
second mosquito collector at each sampling point was rotated every three days to 
control collector bias. Each survey point was sampled for three nights in a row, with 
one round of collections from October to December 2012 and the second round from 
January to April 2013. Each survey point was sampled for a total of six nights.  
The two collectors, with the aid of a red torch light, aspirated mosquitoes off their own 
legs. Collected mosquitoes were placed into cups covered with a net cloth, and a new 
cup was used during every hour of collection. Mosquitoes were taken back to the field 
laboratory to be killed and sorted into individual tubes with silica gel. All mosquitoes 
were identified morphologically using keys (Reid 1968; Rattanarithikul et al. 2005a; b, 
2006a; b, 2010; Sallum et al. 2005). 
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Figure 2.2. Anopheles landing hourly per person per night during the human landing catch pilot study (17:00-01:00h) in (a) Primary forest (b) 
Disturbed forest (c) Highly disturbed forest (d) Oil palm. Error bars show ± SE of the mean
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2.3.3. Ovitraps 
Ovitraps were placed at the survey points from January to March 2013, for a total of 
480 trap nights. Eighty-six survey points were sampled in our study: 15 in primary 
forest, 32 in logged forest of varying forest quality, 18 in oil palm plantation and 15 in 
the rural housing estates. 
The ovitrap consisted of a dark plastic container (700 ml), filled with 500 ml water and 
an overflow hole near the rim of the container, to avoid overflow of water during heavy 
rain (Yap & Thiruvengadam 1979; Rozilawati, Zairi & Adanan 2007).  A wooden 
chopstick (8 mm x 20 cm) was added to act as an oviposition substrate (Appendix A, 
Figure A.1). Wire netting was placed over each trap to prevent large leaves entering 
the traps. All ovitraps were placed under heavy shade, measured by a densiometer, 
to ensure mosquitoes were attracted to the traps (Evans & Bevier 1969).  
After six days, traps were collected and all ovipositional substrates were dried and 
placed in individual plastic bags. All water was carried back to the laboratory, for larvae 
to be counted and reared through to adults for identification. Older, predacious larvae 
were separated from younger instars. Eggs were counted on the ovipositional 
substrates and the rim of the ovitraps by using a dissection microscope. After counting, 
unhatched eggs were placed in water to hatch.     
2.3.4. Meteorological data 
Rainfall (mm), air temperature (°C) and relative humidity (%) data were obtained from 
the S.A.F.E. Project and Maliau Basin Field Centre for the duration of the field survey. 
In addition, lunar illumination (%), cloud cover and unusual climatic events (e.g. strong 
winds) were recorded every hour by the collectors.  
2.3.5. Data analysis 
Analyses were performed using R version 3.3.1 (R Core Team 2014). Spatial 
autocorrelation was tested for using Geary’s C between points in each land use (R 
package ncf, ‘correlog’: Bjornstad 2013). No significant spatial correlation was 
detected. Simpson and Shannon diversity indices were calculated in each area using 
the vegan function ‘diversity’ (R package vegan, 'diversity': Oksanen et al. 2015). 
Species accumulation curves were calculated in each area using the vegan function 
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‘specaccum’ (R package vegan, 'specaccum': Oksanen et al. 2015). The Chao species 
estimator (Chao 1) and Abundance Coverage Estimator (ACE) were calculated the 
extrapolated species richness in each area using ‘chao1’ and ‘ACE’ functions in the R 
package ‘fossil’ (R package fossil, 'chao1', 'ACE': Vavrek 2015). 
The presence of larvae in ovitraps was analysed by using a generalised linear model 
with binomial errors (R package brglm: Kosmidis 2013). The same analysis was 
performed for the presence of Stg. albopicta in ovitraps. The number of mosquitoes 
landing per night was used as a measure of relative abundance. The effect of land use 
change (PF, DF, HDF and OP) on anophelines and culicines was analysed using a 
generalised linear mixed-effect model (R package lme4: Bates et al. 2015), using day 
and site as random factors, with Poisson error distribution. A chi-squared test was 
used to compare the relative abundance of vector and non-vector species in each 
area. 
Differences in community composition of human landing catches and ovitraps were 
explored using Detrended Correspondence Analysis on scaled abundance data (R 
package vegan, ‘decorana’: Oksanen et al. 2015). We tested for significant differences 
in community composition using a linear model with the first and second DCA axis as 
the response variable against land use. 
2.3.6. Ethics 
This project was approved by the Medical Research and Ethics Committee (NMRR-
12-689-12521), Ministry of Health, Malaysia and Imperial College London Research 
Ethics Committee (ICREC-12-5-6), UK. 
 
2.4. Results 
2.4.1. Mosquito abundance  
A total of 2065 adult mosquitoes were collected from 84 human landing catch nights, 
consisting of 1977 (95.7%) anophelines and 88 (4.3%) culicines (Table 2.1). The 
primary forest collections consisted of nine species, with An. latens as the predominant 
species (46.3%). The disturbed forest and highly disturbed forest collections contained 
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19 and 15 mosquito species, respectively, with An. balabacensis as the predominant 
species in both (DF: 93.1%, HDF: 83.1%). Anopheles balabacensis was also 
predominant in the oil palm plantation site collections (76.4%), consisting of 15 
mosquito species in total.  
A total of 1145 eggs were counted on the ovipositional substrates and rims of the 
ovitraps. A total of 2101 larvae were collected from 80 ovitraps, consisting of mostly 
culicines (Table 2.1). The majority (82%) of the larvae were reared to adults for 
identification, resulting in a sex ratio of 51.3% ± 1.1 males to 48.7% ± 1.1  females. 
The majority of larvae identified in the primary forest, highly disturbed forest and 
disturbed forest were Armigeres jugraensis (PF: 37.4%, DF: 35.6%, HDF: 32.4%) and 
Culex (Culiciomyia) spp. (PF: 56.8%, DF: 43.3%, HDF: 54.2%). The number of species 
found in primary forest, disturbed forest and highly disturbed forest were five, seven 
and six, respectively. The oil palm plantation ovitraps collected zero larvae. The rural 
housing estate ovitraps collected two species: Culex quinquefasciatus and Stg. 
albopicta.  
For both collection methods, the number of species collected, Shannon index, 
Simpson index, Chao1 and ACE varied across land use (Table 2.2-3). The species 
accumulation curves did not reach an asymptote after human landing catch sampling, 
indicating not all species of mosquitoes had been collected (Figure 2.3). The species 
accumulation curves of ovitraps reached an asymptote in primary forest and rural 
housing sites, suggesting sampling was exhaustive, but the disturbed forest and highly 
disturbed forest did not reach an asymptote (Figure 2.4). 
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Table 2.1. Mosquitoes collected from primary forest (PF), disturbed forest (DF), highly 
disturbed forest (HDF), oil palm (OP) and rural housing (RU) in the district of Tawau, Sabah, 
Malaysia 
* Couldn’t be identified to species level  
  
Mosquito genera and 
species 
Human landing catches   Ovitraps 
PF DF HDF OP  PF DF HDF OP RU 
An. Aitkenii group 1 4 9 -  - - - - - 
An. barbirostris - 1 - -  - - - - - 
An. vanus - 2 - 1  - - - - - 
An. (Anopheles) spp.* 2 9 8 10  - - - - - 
An. balabacensis 18 1016 374 359  - - 11 - - 
An. kochi - 1 - -  - - - - - 
An. latens 25 6 15 2  - - - - - 
An. macarthuri 1 26 18 25  - - - - - 
An. maculatus - 5 2 25  - - - - - 
An. tessellatus - - - 1  - - - - - 
An. watsonii 1 5 5 -  - - - - - 
Arm. jugraensis 3 1 - -  508 116 70 - - 
Arm. confuses - - - -  - 1 4 - - 
Arm. flavus 1 - - -  - - - - - 
Col. pseudotaeniatus - - - -  28 - - - - 
Coq. crassipes - 3 - -  - - - - - 
Cx. (Culiciomyia) spp.* - - 1 -  772 141 117 - - 
Cx. nigropunctatus - - - -  1 - - - - 
Cx. papuensis - 1 - 1  - - - - - 
Cx. scanloni - - - 1  - - - - - 
Cx. gelidus - - - 4  - - - - - 
Cx. mimulus - - 1 -  - - - - - 
Cx. quinquefasciatus - - - 12  - - - - 102 
Cx. sitiens - - 1 5  - - - - - 
Cx. vishnui - 3 11 2  - - - - - 
Cx. (Loph) sp.* - 2 - -  - - - - - 
Cx. bitaeniorhynchus - 2 - -  - - - - - 
Do. ganapathi - 1 1 2  - - - - - 
He. scintillans - - 1 -  - - - - - 
Ma. annulata - - 2 -  - - - - - 
Orthopodomyia sp.* - 2 - -  - - - - - 
Pr. ostentatio 2 1 - -  - - - - - 
Stg. albopicta - - 1 20  - 21 6 - 97 
Tripteroides sp.* - - - -  - 8 - - - 
Uranotaenia spp.* - - - -  51 8 - - - 
Ze. gracilis - - - -  - 31 8 - - 
Total mosquitoes 54 1091 450 470  1360 326 216 0 199 
No. of samples 18 24 24 18  15 16 16 18 15 
Mosquitoes/samples 3 45.5 18.8 26.1  90.7 20.4 13.5 NA 13.3 
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Table 2.2. Mean species richness and diversity indices (± SE) of mosquito communities, 
collected using human landing catches, in primary forest (PF), disturbed forest (DF), highly 
disturbed forest (HDF) and oil palm plantations (OP)  
Land  Human landing catches 
use N Species 
no. 
Shannon 
index 
Simpson 
index 
Chao1 ACE 
PF 18 9 0.36 (0.12) 0.54 (0.09) 13.00 13.63 
DF 24 19 0.29 (0.05) 0.14 (0.03) 23.50 21.37 
HDF 24 15 0.54 (0.09) 0.28 (0.05) 24.00 17.54 
OP 18 15 0.79 (0.09) 0.42 (0.05) 17.67 16.60 
 
Table 2.3. Mean species richness and diversity indices (± SE) of mosquito communities, 
collected using ovitraps, in primary forest (PF), disturbed forest (DF), highly disturbed forest 
(HDF), oil palm plantations (OP) and rural housing (RU)  
Land  Ovitraps   
use N Species 
no. 
Shannon 
index 
Simpson 
index 
Chao1 ACE 
PF 15 7 0.64 (0.07) 0.40 (0.04) 7.00 7.30 
DF 16 7 0.36 (0.09) 0.22 (0.05) 7.00 7.19 
HDF 16 7 0.35 (0.09) 0.64 (0.09) 7.00 7.22 
RU 15 2 0.02 (0.02) 0.14 (0.09) 2.00 2.00 
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Figure 2.3. Species accumulation curves for human landing catch sampling in (a) Primary 
forest (b) Disturbed forest (c) Highly disturbed forest and (d) Oil palm. Shaded area indicates 
95% confidence intervals 
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Figure 2.4. Species accumulation curves for ovitrap sampling in (a) Primary forest (b) 
Disturbed forest (c) Highly disturbed forest and (d) Rural housing. Shaded area indicates 95% 
confidence intervals 
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2.4.2. Effect of land use on mosquito abundance and presence 
Land use had a significant effect on the number of anopheline landing during the 
human landing catches (log likelihood test; 2=19.75, df=3, p=0.0002, Figure 2.5a), 
with a higher abundance of anophelines landing in the disturbed forest, highly 
disturbed forest and oil palm plantation sites than primary forest. There was also a 
significantly higher number of anopheline landing in the disturbed forest than highly 
disturbed forest (p=0.023) and oil palm plantations (p=0.053) (Table 2.4). Land use 
had a significant effect on the number of culicines landing (log likelihood test; 
2=19.47, df=3, p=0.0002, Figure 2.5b), with oil palm plantations having a significantly 
higher number of culicines landing than in primary forest, disturbed forest and highly 
disturbed forest (p<0.0001). Rainfall during the collection significantly decreased the 
number of anopheline landing (2=5.48, df=1, p=0.02), but not culicines (2=1.19, df=1, 
p=0.275). Moonlight illumination had no effect on the landing of anophelines (2=0.13, 
df=1, p=0.721) or culicines (2=0.24, df=1, p=0.622). Collector identity also had no 
effect on the landing of anophelines (2=1.61, df=2, p=0.447) or culicines (2=3.12, 
df=2, p=0.211).  
Land use also had an effect on the presence of mosquito larvae for all species (log 
likelihood test; 2=65.76, df=4, p<0.0001). There was a significantly lower number of 
ovitraps with mosquito larvae present in oil palm plantations than the disturbed forest 
(p<0.001) (Table 2.5).  Stegomyia albopicta presence was significantly higher in the 
rural housing compounds than in other areas (log likelihood test; 2=42.46, df=4, 
p<0.0001). Rainfall of 1-3 week lags, temperature and humidity during the ovitrap 
placement were not significant.  
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Figure 2.5. (a) Anophelines and (b) Culicines landing per person per night across an anthropogenic disturbance gradient: primary forest (PF), 
disturbed forest (DF), highly disturbed forest (HDF) and oil palm plantation (OP). Error bars show ± SE of the mean 
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Table 2.4. Effects of land use and habitat characteristics on daily mosquito landings of 
anophelines and culicines in the primary forest (PF), disturbed forest (DF), highly disturbed 
forest (HDF) and oil palm plantation (OP) 
Predictor Anophelines Culicines 
 β SE z p β SE z p 
Intercept 4.166 0.401 10.385 <0.0001*** -0.556 0.305 -1.824 =0.068 
Area HDF -1.007 0.443 -2.274 <0.023* 0.159 0.379 0.419 =0.675 
Area OP -0.931 0.481 -1.937 =0.053 1.408 0.345 4.083 <0.001 
Area PF -3.228 0.527 -6.129 <0.001*** -0.681 0.511 -1.333 =0.183 
Rainfall -0.387 0.165 -2.352 =0.019 NA NA NA =0.275 
 
Table 2.5. Effects of land use and habitat characteristics on ovitrap and Stegomyia albopicta 
presence in the primary forest (PF), disturbed forest (DF), highly disturbed forest (HDF) and 
rural housing (RU)  
Predictor Ovitrap presence Stegomyia albopicta presence 
 β SE z p β SE z p 
Intercept 3.497 1.480 2.363 <0.01** -0.738 0.534 -1.380 =0.168 
Area HDF -3.260 1.563 -2.086 <0.01** -0.284 0.779 -0.365 =0.715 
Area OP -7.107 2.087 -3.405 <0.001*** -2.873 1.566 -1.834 =0.067 
Area PF -0.063 2.096 -0.030 =0.976 -2.696 1.577 -1.710 =0.087 
Area RU -1.810 1.642 -1.103 =0.270 2.424 0.890 2.725 <0.05* 
 
A chi-squared test of the contingency table of vector and non-vector species showed 
significant differences across land use using ovitraps (2=115.88, df=3, p<0.0001, 
Figure 2.6b), but no significant differences for the human landing catch method 
(2=1.27, df=3, p=0.74, Figure 2.6a). 
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Figure 2.6. Mean abundance (total mosquitoes/number of samples) of vector and non-vector species across an anthropogenic disturbance 
gradient: primary forest (PF), disturbed forest (DF), highly disturbed forest (HDF), oil palm plantation (OP) and rural housing (RU), using (a) 
human landing catches (b) ovitraps. Error bars show ± SE of the mean
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2.4.3. Community composition 
The community composition determined from human landing catches and ovitraps 
was significantly different across land use, separated along the first axis for both 
methods (Human landing catches: F3,74=30.32, p<0.001, Ovitraps: F4,48=125.5, 
p<0.001, Figure 2.7). Human landing catches were also separated by land use along 
the second axis (F3,74=13.09, p<0.001). The first two axes of the human landing catch 
method accounted for 63.6% of the total variance. Anopheles balabacensis was 
prevalent in all human landing sampling areas, but the oil palm community included 
species such as Cx. quinquefasciastus and An. tessellatus, which were not present in 
the other areas (Appendix A, Figure A.2). Except for one Stg. albopicta collected in 
the disturbed forest, the rest of the specimens of this dengue vector were found in the 
oil palm plantation. The first axis of the ovitrap method accounted for 92.5% of the total 
variance. The separation of the rural housing compound from the forest sites was 
driven by the presence of Stg. albopicta and Cx. quinquefasciatus (Appendix A, Figure 
A.3). 
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Figure 2.7. Detrended Correspondence Analysis (DCA) plot showing the major axes of variation for (a) Adult mosquitoes collected using human 
landing catches and in primary forest (PF), disturbed forest (DF), highly disturbed forest (HDF) and oil palm plantation sites (OP) and (b) 
Mosquitoes collected using ovitraps in primary forest (PF), disturbed forest (DF), highly disturbed forest (HDF) and rural housing compounds 
(RU). The two axes represent linear summaries of the variation in the species numbers and areas 
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2.5. Discussion 
Agricultural expansion and intensification are the main drivers of habitat change in 
tropical regions (Laurance, Sayer & Cassman 2014), with the rapid oil palm expansion 
across Southeast Asia threatening many species, but there are few studies focusing 
on the mosquito populations present in different land use areas. The overall objective 
of this study was to examine the effect of land use on mosquito community composition 
and presence. Our data show that there is a different community composition of 
mosquitoes across different land uses. Oil palm plantations and rural housing 
compounds differed significantly from rainforest sites, due to the presence of Stg. 
albopicta. The species richness also differed across land use, with the disturbed forest 
containing the highest number of species and species richness, estimated by Chao1 
and ACE.  
The compositional differences between the human landing catches in oil palm and 
forest were very evident amongst the medically important mosquitoes, such as Culex 
gelidus, Cx. sitiens, Cx. quinquefasciatus and Stg. albopicta. Medically important 
species also dominated the rural sites in the ovitrap data. Other studies have 
suggested that vector abundance can increase following environmental change and 
modifications in larval habitat availability (Vittor et al. 2006; Johnson, Gómez & Pinedo-
Vasquez 2008). These results support those from prior work in Sarawak, where Stg. 
albopicta was more abundant after the clearing of forests and cultivation of oil palm 
(Chang et al. 1997). Our results further showed that Stg. albopicta was only breeding 
in residential areas, not in the oil palm itself. As Stg. albopicta was collected using 
human landing catches in the oil palm sites, the absence in the ovitraps suggests their 
host-searching diversion from more suitable habitats. Since Stg. albopicta has been 
shown to have a limited host-searching range, it is unlikely to be far from the oil palm 
sites.  
As Stg. albopicta is predominately a daytime biter, bias may have been introduced to 
the human landing catches by only sampling between 18:00h and 23:00h, but this was 
consistent in each sampling area. These hours provided information on malaria 
vectors landing during the evening when humans are most likely to be bitten. Because 
of logistical problems, 24 hour collections were not able to be conducted, but these 
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would have given an insight into the composition of mosquitoes biting throughout the 
day and night.  
The human landing catches showed anopheline mosquitoes were landing at a 
significantly higher rate in logged and converted lands than in primary forest. The 
number of culicines landing was significantly higher in oil palm than in other areas due 
to the presence of Stg. albopicta in oil palm. Although the twice-logged disturbed forest 
has had more than 15 years of regeneration, the numbers of mosquitoes are still 
significantly higher than in original primary forest. In Sabah and Sarawak, there are 
few areas of primary forest (Bryan et al. 2013) and efforts are being made to preserve 
these areas to maintain biodiversity and prevent the further increase in the number of 
medially important mosquitoes.  
It is unknown why some species of mosquitoes were not collected by the ovitraps in 
the oil palm plantation, despite their presence in the rural housing compounds. The 
temperature differences were very minor. In this study, the housing areas were a 
distance of 440-1000 m from the nearest oil palm plantation site. Perhaps the rural 
housing compounds provided suitable breeding habitats (e.g. large water containers) 
for Stg. albopicta. These mosquitoes have been shown to fly 400-800 m and may  fly 
into the oil palm plantation in search of hosts (Niebylski & Craig 1994; Reiter et al. 
1995; Honório et al. 2003).  
In this study, rainfall during the collection period did not have an effect on the presence 
of mosquitoes in ovitraps but it did reduce the number of anophelines landing. Rainfall 
is an important environmental factor for the survival of mosquitoes. It provides a 
breeding site for the aquatic stage of the mosquito lifecycle, and can extend the 
lifespan of adult mosquitoes (Martens et al. 1995). Increased rainfall is often 
associated with mass egg hatching and an increase in the number of mosquitoes 
(Ndiaye et al. 2006). The study area has been described as aseasonal, with no dry 
season, but subject to the occasional drought (Marsh & Greer 1992; Walsh & Newbery 
1999). Although this study did not look at the seasonal pattern associated with 
temperature and rainfall, it is predicted that both variables would influence the 
abundance of vectors in this area during strong climatic changes (e.g. El Niño effects), 
but the differences will still remain between land uses.  
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Oil palm plantations have been shown to have a higher fluctuation in temperature and 
humidity over a 24 hour period than forests (Koh, Levang & Ghazoul 2009; Turner & 
Foster 2009; Luskin & Potts 2011; Hardwick et al. 2015). In this study, mean daytime 
temperature across all the study areas varied from 29°C in primary forest to 34.9°C in 
oil palm. By 18:00h, all areas cooled to 24°C, with high humidity. A temperature above 
34°C will generally decrease the survival rate of mosquito vectors and their parasites 
(Rueda et al. 1990). No differences were seen in the regional climate data, but the 
microclimate could have affected the compositional differences seen in this 
experiment for ovitraps. Moonlight illumination was not a significant factor affecting the 
abundance of anophelines or culicines landing in this study. Some studies have shown 
that moonlight increases relative abundance (Bidlingmayer 1964; Charlwood et al. 
1986; Birley & Charlwood 1989; Chadee 1992; Kampango, Cuamba & Charlwood 
2011) whereas others have shown a decrease (Miller et al. 1970; Davies 1975; Rubio-
Palis 1992; Souza et al. 2005) or no effect at all (Singh et al. 1996). 
A higher number of larvae were collected in the ovitraps than eggs on the ovipositional 
substrate. This difference is due to the mosquito ovipositing behaviours of different 
genera. Some mosquito genera lay eggs on the surface of the water, either singly 
(Anopheles and Orthopodomyia), or in batches (Culex, Uranataenia, Mansonia and 
Coquillettidia) (Gillett 1971; Snow 1990). The genus Stegomyia lays eggs singly, but 
attaches eggs at the water’s edge (Gillett 1971). During the egg counts on the 
ovipositional substrates and the rim of the artificial containers, mosquitoes from the 
tribe Aedini were most likely to be counted. As these eggs couldn’t be identified to 
species, larval presence was used in the analysis.   
This study focused on the container breeding mosquitoes using ovitraps, and human 
landing catches for anthropogenic host-seeking mosquitoes. As mosquito species 
differ in choice of oviposition sites and host-seeking preference, a range of trapping 
techniques need to be used. Human landing catches are the standard method for 
collecting malaria vectors in Malaysia, as Anopheles mosquitoes are not attracted to 
CDC light traps (Vythilingam, Chiang & Chan 1992). Searching for container breeding 
mosquitoes, such as Stg. albopicta and Cx. quinquefasciatus, can be time-consuming 
but ovitraps set in specific locations have proved to be a useful tool in detecting the 
presence and for estimating adult population sizes (Silver 2008). Ovitrap surveillance 
is the most common sampling method used for detecting the presence of dengue 
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vectors in Malaysia (Lau et al. 2013). Ovitraps can provide presence data, but this 
does not mean an outbreak is going to happen.  
Dengue has a profound impact in Malaysia, with the number of cases increasing 
exponentially in the last two decades (Sam et al. 2013). The resurgence of dengue in 
Southeast Asia has been linked to urbanisation and the accumulation of social detritus 
and storage containers in peri-urban area (Coker et al. 2011). Controlling the 
Stegomyia vectors is the main tool for the management of dengue, as there is currently 
no vaccine or specific treatment (WHO 2015a). Human behaviour, such as reducing 
man-made containers and tyres, contributes to controlling the breeding grounds of 
many dengue vectors (Chandren, Wong & AbuBakar 2015). Although dengue is 
usually described as an urban disease, it is increasingly being found in rural areas 
(Azami et al. 2011). The effects of deforestation, agricultural expansion and 
urbanisation appear to be complex. There is a need for further long term surveillance 
of mosquitoes in fragmented forest due to the rising cases of simian malaria, and in 
rural areas due to dengue risks. Deforestation, agricultural expansion, and 
urbanisation is continuing in Sabah, and the composition of mosquito communities 
may continue to change.  
 
2.6. Conclusions 
This study has given an overview of container breeding and anthropophilic mosquito 
species found in the Tawau Division. There were significant differences in the 
mosquito community composition between land uses, indicated by medically important 
mosquitoes landing in oil palm and rural housing compound sites. Anopheles 
balabacensis was the most common species landing in the disturbed forest, highly 
disturbed forest and oil palm sites, and is capable of spreading human and simian 
malaria. The dengue vector, Stegomyia albopicta, was found breeding in rural housing 
compounds, and landing in oil palm plantation sites. As dengue is increasingly being 
found in rural areas, control techniques in oil palm plantations should target potential 
breeding sites of vectors, such as water storage containers. This study provided 
preliminary data on the ecology and presence of the mosquito fauna in this region. 
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3.1. Abstract 
Southeast Asia is currently experiencing high rates of deforestation due to logging, oil 
palm expansion, and urbanisation. Deforestation and agricultural expansion are 
associated with increased vector-borne diseases. The objective of this study was to 
evaluate how land use change affects the anopheline fauna in Sabah, Malaysia, with 
a particular focus on young oil palm plantations (7-13 years). Mosquito collections 
were carried out using human landing catches along an anthropogenic disturbance 
gradient encompassing primary forest, disturbed forest, highly disturbed forest and oil 
palm plantation between 18:00- 23:00h. Results show that Anopheles balabacensis 
was the predominant species in the disturbed forest, highly disturbed forest and oil 
palm sites. Anopheles latens was the predominant species in the primary forest. In 
disturbed forest there was a greater abundance of An. balabacensis landing compared 
to the primary forest (p<0.0001), highly disturbed forest (p=0.026) and oil palm 
(p<0.020). Anopheles balabacensis is the main vector of malaria in Sabah, with the 
Chapter 3 
  
59 
 
potential to transmit Plasmodium knowlesi, which is increasing in Sabah. One 
hypothesis is that this increase is associated with deforestation. Although the 
abundance of anophelines decreased in this study from disturbed forest through to oil 
palm expansion, mosquito landing rates were still occurring at relatively high numbers 
and have the potential of transmitting malaria.   
 
3.2. Introduction 
Anthropogenic land use changes, such as deforestation, agricultural encroachment 
and urbanisation, are associated with emerging and re-emerging infectious disease 
transmission in wildlife, domestic animals and humans (Gratz 1999; Patz et al. 2000). 
Environmental change can have a significant effect on habitat quality and 
microclimatic conditions, which in turn influence the abundance and survival of vectors 
and their parasites (Patz et al. 2000). For example, the clearing of forest is associated 
with the emergence of malaria in Africa, South America and Southeast Asia (Patz et 
al. 2004; Guerra, Snow & Hay 2006). Understanding the effects of land use on vector 
distribution, abundance and behaviour is important for predicting disease risks and 
minimising disease outbreaks. 
Mosquitoes are among the forest vectors most sensitive to environmental change 
(Yasuoka & Levins 2007). Environmental alterations, such as temperature, humidity, 
water quality and the availability of suitable breeding sites may lead to significant 
changes in anopheline fauna. This may also lead to increased malaria risks within a 
small area or a large region (Dorvillé 1996; Afrane et al. 2005; Stresman 2010). The 
removal of intact forest may cause shifts in relative vector abundance, and increases 
the chance of disease transmission occurring from a vector that was not previously 
implicated (Norris 2004). There are also higher levels of human activity and human-
wildlife interactions following habitat destruction, increasing the exposure to zoonoses 
(Wolfe et al. 2005; Wolfe, Dunavan & Diamond 2007) 
Southeast Asia contains four biodiversity ‘hotspots’ containing high biodiversity and a 
large number of endemic species, but also has one of the highest rates of deforestation 
in any tropical region (Myers et al. 2000; Sodhi et al. 2004, 2010a). The expansion of 
oil palm (Elaeis guineensis) cultivation is the main driver of deforestation in Southeast 
Asia, with Malaysia and Indonesia being the top producers (Koh & Wilcove 2007; Koh 
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et al. 2011). Oil palm plantations are associated with reduced species richness and 
overall abundance across most animal taxa (Fitzherbert et al. 2008; Foster et al. 
2011).  
Malaria, caused by the blood protozoan parasite of the genus Plasmodium, remains a 
public health problem in tropical and sub-tropical regions, affecting an estimated 198 
million cases and 584,000 deaths in 2013 (WHO 2014b). Traditionally four 
Plasmodium species; Plasmodium falciparum, P. malariae, P. ovale, and P. vivax, 
were known to cause symptomatic malaria in humans, but a fifth Plasmodium species, 
P. knowlesi, is now responsible for human malaria (Singh et al. 2004; Cox-Singh et al. 
2008; White 2008). Malaysia has been successful in reducing Plasmodium falciparum 
and P. vixax malaria cases over recent decades and aims to eliminate malaria by 2020 
(William et al. 2014). However, there has been a recent increase in zoonotic human 
malaria cases caused by P. knowlesi (Rajahram et al. 2012; William et al. 2013, 2014). 
Plasmodium knowlesi accounted for 62% of all malaria incidences in 2013, and is 
thought to have increased due to deforestation (William et al. 2013), presenting a 
threat to malaria elimination. The current control measures in Malaysia include IRS, 
ITN distribution, artemisinin-based combination anti-malarial drugs, larviciding, 
environmental management measures and personal protection (Manguin 2013). 
Despite large reductions in malaria vectors, there are still significant challenges 
remaining such as insecticide resistance, and the zoonotic nature and increase of P. 
knowlesi (William et al. 2013; Manguin 2013).  
Malaria has been shown to be a major health problem within an oil palm plantation in 
Papua New Guinea (Pluess et al. 2009), but to date there has only been one study on 
mosquito abundance in an oil palm plantation within Southeast Asia (Chang et al. 
1997). Chang et al. (1997) showed a reduction in vector abundance following 
deforestation and conversion to oil palm, but it is unknown whether malaria vector 
abundance remains low as the oil palm matures. In this study, we investigated how 
anopheline distribution and landing rates change in relation to land use reflecting a 
gradient of anthropogenic land disturbance in Sabah, Malaysia, and whether 
anopheline abundance increases once oil palm plantations have started fruiting, and 
are forming a closed canopy.  
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3.3. Methods 
3.3.1. Study site 
The study was conducted in the Tawau Division of Sabah, Malaysia. Four areas were 
selected along an anthropogenic disturbance gradient; primary lowland dipterocarp 
rainforest (PF), twice-logged disturbed dipterocarp rainforest (DF), twice-logged highly 
disturbed dipterocarp rainforest (HDF) and oil palm plantation (OP). Rainforest sites 
were defined based on canopy closure, measured at each collection site using a 
spherical densiometer. The average canopy closure values along the anthropogenic 
disturbance gradient were, 87.3% in the primary forest, 70.2% in disturbed forest, 
61.8% in highly disturbed forest and 40.7% in oil palm sites. All data collection was 
carried out from October 2012 to April 2013. 
Primary forest survey points were selected in the Maliau Basin Conservation Area 
(4°5’N, 116°5’E). The primary forest survey points were selected in an area that has 
never been logged commercially, with the exception of one site being selectively 
logged in the 1970s and 1990s to build the Maliau Field Centre. Forest quality is still 
classed as unaffected by logging and is substantially different from the commercially 
logged forest (Ewers et al. 2011). Logged forest and oil palm survey points were 
selected within the Benta Wawasan oil palm plantation. The 45,601 ha area is a 
mixture of twice-logged rainforest, virgin jungle reserve, acacia and oil palm. Logged 
forest survey points were in selectively twice-logged forest, logged during the 1970s 
and 1990s-2000s. Oil palm plantation survey points were in areas of Elaeis guineensis 
monocultures, planted in 2000 for one survey point, and 2006 for the rest. Further 
details of the project area are given by Ewers et al. (2011).  
Survey points were selected to synchronise with the central sampling design of the 
‘Stability of Altered Forest Ecosystems (S.A.F.E.) Project’, a large-scale fragmentation 
experiment, which is investigating the long-term effects of forest fragmentation (Figure 
2.1, Ewers et al. 2011). We selected survey points separated by maximum distance 
(≥600 m) in each area. Three survey points were selected in the primary forest and oil 
palm plantation. Four survey points were selected in the disturbed forest and highly 
disturbed forest. 
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3.3.2. Data collection 
Mosquitoes were collected using paired human landing catches between 18:00-
23:00h. Human landing catches are the standard method for collecting malaria vectors 
in Malaysia, as Anopheles mosquitoes are not attracted to CDC light traps 
(Vythilingam, Chiang & Chan 1992). A pilot study demonstrated that Anopheles 
species in each sampling area started biting at 18:00h, with a decrease in abundance 
by 22:00h (Chapter 2, Figure 2.2). One mosquito collector remained constant during 
the overall sampling period, but the second mosquito collector at each sampling point 
was rotated every three days to control collector bias. Each survey point was sampled 
for a total of six nights. 
The two collectors, with the aid of a red torch light, aspirated mosquitoes off their own 
legs. Collected mosquitoes were placed into cups covered with a net cloth, and a new 
cup was used during every hour of collection. Mosquitoes were taken back to the field 
laboratory to be killed and sorted into individual tubes with silica gel. All mosquitoes 
were identified morphologically using keys (Reid 1968; Rattanarithikul et al. 2005a; b, 
2006a; b, 2010; Sallum et al. 2005). 
3.3.3. PCR 
Genomic data was extracted from the guts and salivary glands of a subset of collected 
Anopheles balabacensis using the DNeasy tissue kit (Qiagen, Germany) according to 
the manufacturer’s protocol. Sporozoite detection was carried out using a Plasmodium 
genus-specific PCR and primers (Table 3.1), as described by (Irene 2011). The PCR 
cycles used were 95°C for 4.5 minutes, followed by 44 cycles of 94°C for 30 seconds, 
55°C for 30 seconds, and 72°C for 30 seconds. The final extension cycle was 72°C 
for 2 minutes. 
Table 3.1. Oligonucleotide sequences of PCR primers for detection of malaria parasites 
Primer 
name 
Sequence Tm (°C) Expected product 
size (bp) 
PlasF 5'- AGTGTGTATCAATCGAGTTTCT -3' 44.9 188 
PlasR 5’- CTTGTCACTACCTCTCTTCTTTAGA -3’ 48.2 
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3.3.4. Meteorological data  
Rainfall (mm), air temperature (°C) and relative humidity (%) data were obtained from 
the SAFE Project and Maliau Basin Field Centre for the duration of the field survey 
(October 2012 to April 2013). In addition, lunar illumination (%), cloud cover and 
unusual climatic events (e.g. strong winds) were recorded every hour by the collectors.  
3.3.5. Data analysis 
Analyses were performed using R version 3.1.1 (R Core Team 2014). The number of 
mosquitoes landing per night was used as a measure of relative abundance. The effect 
of land use change (PF, DF, HDF and OP) on An. balabacensis, An. macarthuri, and 
An. latens was analysed using a generalised linear mixed-effect model (R package 
lme4: Bates et al. 2015), using day and site as random factors, with Poisson error 
distribution.  
3.3.6. Ethics 
This project was approved by the Medical Research and Ethics Committee (NMRR-
12-689-12521), Ministry of Health, Malaysia and Imperial College London Research 
Ethics Committee (ICREC-12-5-6), UK. 
 
3.4. Results 
A total of 2065 mosquitoes were collected from 84 human landing catch nights, 
consisting of 1977 (95.7%) anophelines and 88 (4.3%) culicines. Anopheles 
balabacensis was the predominant species in the disturbed forest (94.5%), highly 
disturbed forest (86.8%) and oil palm plantation sites (84.9%). A total of five (5%) An. 
balabacensis out of 108 were found positive for Plasmodium infection. Anopheles 
latens was the predominant species in the primary forest sites (37.5%). Human landing 
rates for each Anopheles species are given in Table 3.2, and total counts given in 
Table 3.3. The number of species collected, Shannon index, Simpson index and 
Chao1 varied across land use (Chapter 2, Table 2.2). The species accumulation 
curves did not reach an asymptote after human landing catch sampling, indicating not 
all species of mosquitoes had been collected (Chapter 2, Figure 2.3).  
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Table 3.2. Number of mosquitoes landing per night (18:00-23:00h) per human bait of 
anophelines collected along an anthropogenic disturbance gradient in the district of Tawau, 
Sabah, Malaysia (± SE of the mean) 
Species Primary 
forest (PF) 
Disturbed 
forest (DF) 
Highly 
disturbed 
forest (HDF) 
Oil palm 
plantation (OP) 
An. Aitkenii group 0.03 (0.03) 0.08 (0.04) 0.19 (0.08) 0 (0) 
An. barbirostris 0 (0) 0.02 (0.02) 0 (0) 0 (0) 
An. vanus 0 (0) 0.04 (0.04) 0 (0) 0.03 (0.03) 
An. spp.* 0.06 (0.04) 0.19 (0.09) 0.17 (0.09) 0.03 (0.17) 
An. balabacensis 0.50 (0.14) 21.17 (2.96) 7.79 (1.47) 9.97 (3.63) 
An. kochi 0 (0) 0.02 (0.02) 0 (0) 0 (0) 
An. latens 0.69 (0.42) 0.13 (0.05) 0.31 (0.13) 0.06 (0.04) 
An. macarthuri 0.03 (0.07) 0.54 (0.18) 0.38 (0.13) 0.69 (0.32) 
An. maculatus 0 (0) 0.10 (0.10) 0.04 (0.04) 0.69 (0.29) 
An. tessellatus 0 (0) 0 (0) 0 (0) 0.03 (0.03) 
An. watsonii 0.03 (0.03) 0.10 (0.10) 0.1 (0.05) 0 (0) 
Total (An.) 1.33 (0.47) 22.4 (3.03) 8.8 (1.59) 12 (3.83) 
* Couldn’t be identified to species level  
 
Table 3.3. Mosquitoes collected along an anthropogenic disturbance gradient in the district of 
Tawau, Sabah, Malaysia 
Species Primary 
forest (PF) 
Disturbed 
forest (DF) 
Highly 
disturbed 
forest (HDF) 
Oil palm 
plantation 
(OP) 
An. Aitkenii group 1 4 9 0 
An. barbirostris 0 1 0 0 
An. vanus 0 2 0 1 
An. spp.* 2 9 8 10 
An. balabacensis 18 1016 374 359 
An. kochi 0 1 0 0 
An. latens 25 6 15 2 
An. macarthuri 1 26 18 25 
An. maculatus 0 5 2 25 
An. tessellatus 0 0 0 1 
An. watsonii 1 5 5 0 
Total 48 1075 431 423 
* Couldn’t be identified to species level  
 
 
Anopheles balabacensis abundance in the primary forest was significantly lower than 
disturbed forest, highly disturbed forest and oil palm plantation sites (log likelihood 
test; 2=21.10, df=3, p<0.0001, Figure 3.1a, Table 3.4). This was also seen in An. 
macarthuri abundance (log likelihood test; 2=7.86, df=3, p=0.049, Figure 3.1b, Table 
3.5). Anopheles latens was the most abundant species in the primary forest, but no 
significant differences were seen in this species across land use (log likelihood test; 
2=5.233, df=3, p=0.156, Figure 3.1, Table 3.5). Significant decreases were seen in 
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the abundance of An. balabacensis from disturbed forest to highly disturbed forest 
(p=0.026) and oil palm plantations (p=0.020, Figure 3.1, Table 3.4).  
Collector identity had no effect on An. balabacensis (2=3.3, df=2, p=0.193), An. 
macarthuri (2=0.93, df=2, p=0.629) or An. latens (2=3.75, df=2, p=0.15). Moonlight 
had no significant effect on the abundance of An. balabacensis (2=0.13, df=1, 
p=0.715), An. macarthuri (2=0.98, df=1, p=0.322) or An. latens (2=0.01, df=1, 
p=0.960). Peak biting of An. balabacensis during the collection period was observed 
between 18:30 and 20:00h in the disturbed forest, highly disturbed forest and oil palm 
sites (Figure 3.2). Rainfall slightly decreased mosquito abundance but not significantly 
for each species (An. balabacensis: 2=3.81, df=1, p=0.051, An. macarthuri: 2=3.41, 
df=1, p=0.06, An. latens: 2=2.94, df=1, p=0.09). Temperature during the collection 
had no effect on An. balabacensis (2=0.13, df=1, p=0.721), An. macarthuri (2=0.27, 
df=1, p=0.606) or An. latens (2=0.1, df=1, p=0.976). 
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Figure 3.1. Number of mosquitoes. (a) Anopheles balabacensis (b) Anopheles macarthuri and An. latens) landing per person per night across 
an anthropogenic disturbance gradient from primary forest (PF), disturbed forest (DF), highly disturbed forest (HDF) and oil palm plantation (OP). 
Error bars show ± SE of the mean
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Figure 3.2. Hourly number of Anopheles balabacensis landing per person per night across an anthropogenic disturbance gradient from (a) 
Primary forest, (b) Disturbed forest, (c) Highly disturbed forest and (d) Oil palm plantation. Error bars show ± SE of the mean 
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Table 3.4. Effects of land use and habitat characteristics on Anopheles balabacensis abundance. Coefficient estimates (β), standard errors, 
associated Wald’s z-score, and p-values are given 
Predictor Anopheles balabacensis 
 Β SE Z      p 
Intercept 3.512 0.349 10.06 <0.0001*** 
Area HDF -1.110 0.497 -2.234 =0.026* 
Area OP -1.257 0.541 -2.323 =0.020* 
Area PF -3.946 0.606 -6.510 <0.0001*** 
 
 
Table 3.5. Effects of land use and habitat characteristics on daily mosquito abundance of Anopheles macarthuri and Anopheles latens. Coefficient 
estimates (β), standard errors, associated Wald’s z-score, and p-values are given 
Predictor Anopheles macarthuri Anopheles latens 
 Β SE Z      p β SE z       p 
Intercept -1.211 0.620 -1.955 =0.051 -2.272 0.645 -3.522 <0.0001*** 
Area HDF -0.337 0.722 -0.466 =0.641 0.849 0.738 1.150 =0.250 
Area OP 0.163 0.784 -0.208 =0.835 -0.793 1.011 -0.785 =0.433 
Area PF -2.963 1.291 -2.295 =0.022* 1.267 0.760 1.666 =0.096 
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3.5. Discussion 
Deforestation, agricultural expansion and intensification are the main drivers of habitat 
change in tropical regions (Laurance, Sayer & Cassman 2014). The rapid expansion 
of oil palm plantations threatens many species, however, less is understood about 
how vector abundance, distribution, exposure to humans and biting rates vary relative 
to land use change. Our data show, compared to primary rainforest, disturbed forest 
has a higher abundance of Anopheles balabacensis and An. macarthuri. There was a 
decrease in An. balabacensis abundance from disturbed forest to oil palm plantations. 
Chang et al. (1997) sampled anophelines in Sarawak for five days yearly from the 
forest before development, through to oil palm maintenance, and found an 82% 
reduction in adult mosquitoes landing. During the four years of surveys, reductions in 
human-biting rates, entomological inoculation rates (EIR) and adult survival of An. 
donaldi and An. letifer decreased the risk of malaria transmission by 90% (Chang et 
al. 1997), but this percentage doesn’t account for the large increase in human 
population density that accompany plantation development. In this study, oil palm had 
a lower abundance of An. balabacensis than disturbed forest, but also had a higher 
human population density. Although vector abundance decreased from disturbed 
forest to oil palm, there is an increase in exposure potential due to the human 
population density and activity in the oil palm area.  
In this study, we sampled in young oil palm plantations, ranging from trees planted 7 
to 13 years ago (4-8 m high). Oil palm plantations have a 25-30 year life cycle, and 
begin to fruit after 3-5 years (Butler, Koh & Ghazoul 2009). Old plantations (22 years 
old, ~13 m closed canopy) have shown to have a more buffered microclimate than 
young plantations (8 years old, ~4 m closed canopy) (Luskin & Potts 2011). Chang et 
al. (1997) showed huge reductions in human-biting rates of An. donaldi from logged 
forest through to oil palm planting and maintenance (1 year old, 2-3m high). The 
reduction of An. donaldi may be explained by the microclimate and canopy cover of 
oil palm plantations. Recently planted oil palms have a highly variable microclimate 
and an open canopy (Luskin & Potts 2011). Our study found there was no significant 
difference between the abundance of An. balabacensis in highly disturbed forests and 
oil palm plantations. This may be due to a more buffered microclimate and closed 
canopy than the previous study, resulting in no difference in mosquito abundance 
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between oil palm plantations and highly disturbed forests. The disturbed forest had a 
significantly higher abundance of An. balabacensis than highly disturbed forests and 
oil palm plantations, but also had a higher percentage of canopy cover. If the high 
abundance of An. balabacensis is due to increased canopy cover and a buffered 
microclimate, there is the potential for this species to increase as oil palm matures and 
the canopy eventually closes.  
Mosquito survival and reproduction rates are strongly affected by fluctuations in 
temperature, precipitation and humidity (Clements 1992). Oil palm plantations have 
been shown to have a higher fluctuation in temperature and humidity over a 24 hour 
period than forests (Koh, Levang & Ghazoul 2009; Turner & Foster 2009; Luskin & 
Potts 2011; Hardwick et al. 2015), which is predicted to strongly influence mosquito 
survival, especially larval survival. Temperature affects mosquitoes at every stage of 
their life cycle, as well as parasite survival. Provided the temperature is not too 
extreme, a higher temperature can shorten mosquito and parasite development time 
(Stresman 2010), increasing the likelihood of that mosquitoes are able to transmit 
disease. 
Rainfall, which has a direct effect on humidity, affects the expected lifespan of adult 
mosquitoes. Rainfall also provides a breeding site for the aquatic stage of the mosquito 
life cycle. Whilst vectors need rain to breed, excessive rainfall may lead to flushing of 
breeding sites and thus reducing survival rates (Martens et al. 1995).  There were no 
collections occurring during high winds or heavy rainfall, but light rain during the 
collection slightly decreased mosquito catch.  
In this study, although the mean daytime maximum temperature varied from 29°C in 
primary forest to 34.9°C in oil palm, by 18:00h, all areas cooled to 24°C and had high 
humidity. The temperature and humidity remained similar in each area during the 
sampling night. Moonlight was not a significant factor in this study. Some studies have 
shown that moonlight increases relative abundance (Bidlingmayer 1964; Charlwood 
et al. 1986; Birley & Charlwood 1989; Chadee 1992; Kampango, Cuamba & 
Charlwood 2011) whereas others have shown a decrease (Miller et al. 1970; Davies 
1975; Rubio-Palis 1992; Souza et al. 2005) or no effect at all (Singh et al. 1996).  
Anopheles balabacensis was the most predominant anopheline collected in the 
disturbed forest, highly disturbed forest and oil palm plantation sites, accounting for 
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94.5% of anophelines collected in the disturbed forest. Anopheles balabacensis is 
considered the most important vector of human malaria parasites in Sabah, Malaysia 
(Hii & Vun 1985; Khoon 1985; Hii et al. 1988; Sallum et al. 2005). In earlier studies in 
Sabah, Anopheles balabacensis was the predominant species in the Kinabatangan, 
followed by An. donaldi and An. maculatus (Hii et al. 1987). A later study between 
2001 and 2003, showed An. donaldi replaced An. balabacensis as the predominant 
species and primary vector (Vythilingam et al. 2005). Anopheles balabacensis has 
now recolonised and become the predominant species and primary vector in Sabah 
(Wong et al. 2015).  
Anopheles balabacensis is also a member of the Leucosphyrus group, and able to 
transmit P. knowlesi. Many members of the Leucosphyrus group are found within 
forested areas, they feed primarily on monkeys, and are capable of transmitting 
various Plasmodium species (Sallum et al. 2005). The immature stages can be found 
in shaded temporary pools of fresh water, including ground puddles, animal footprints, 
wheel tracks, ditches and rock pools (Manguin 2013). In this study, Anopheles 
balabacensis larvae were observed in wheel tracks occurring in the oil palm plantation. 
A pilot run of this study showed An. balabacensis was biting as early as 18:00h, with 
a high rate of biting between 18:30 and 20:00h. Studies during previous decades 
showed this species was mainly a late night biter (21:00-22:00h), but now appears to 
be biting during the early evenings (Hii & Vun 1985; Rohani et al. 1999; Vythilingam 
et al. 2005). The effects of insecticide-treated bednets (ITNs) on the time of biting and 
host choice has been reported in multiple studies, with mosquitoes biting earlier in the 
evening, before mosquito hosts go to bed (Mbogo et al. 1996; Takken 2002).  
Anopheles macarthuri and An. latens also belong to the Leucosphyrus group (Sallum 
et al. 2005) and were the second and third most abundant species in this study. In 
previous studies, An. macarthuri was found to mainly be attracted to monkey-baited 
traps, but is not a confirmed vector of P. knowlesi (Vythilingam et al. 2006; Baird 2009; 
Vythilingam 2010). Anopheles latens has been incriminated as a P. knowlesi vector, 
and is attracted to both humans and macaque hosts (Vythilingam et al. 2006; Tan et 
al. 2008; Vythilingam 2010). Current vector control methods in Malaysia, including 
insecticide treated bednets and indoor residual spraying, are not sufficient in 
controlling P. knowlesi due to the exophagic and exophilic behaviour of vectors 
(Manguin 2013). Long-lasting insecticidal hammocks (LLIH) within forested areas may 
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prove to be an effective additional tool in malaria reduction in Malaysia (Thang et al. 
2009; Sochantha et al. 2010; Manguin 2013).  
Malaysia is in the pre-elimination phase of malaria elimination (WHO 2014b), and has 
successfully reduced P. falciparum and P. vivax in Sabah (William et al. 2014). 
Plasmodium knowlesi, currently the most common cause for human malaria in Sabah, 
continues to threaten the achievement of malaria control goals (William et al. 2014). 
Family clusters  are occurring in P. knowlesi cases, suggesting malaria transmission 
is occurring peri-domestically (Barber et al. 2012). Family clusters were previously 
considered rare because transmission was mainly occurring in densely forested areas. 
This change in transmission is thought to be linked to deforestation and land use 
change (Barber et al. 2012). Deforestation is still occurring at high rates in Malaysia, 
and although human-vector-human transmissions are still considered unlikely, P. 
knowlesi may increase and become a significant public health problem (Imai et al. 
2014). 
 
3.6. Conclusions 
This study has given an overview of anophelines found along an anthropogenic 
disturbance gradient in the Tawau Division of Sabah, Malaysia. Anopheles 
balabacensis, the main vector of malaria in Sabah, was the predominant species found 
in the disturbed forest, highly disturbed forest and oil palm sites. Anopheles latens was 
the predominant species in the primary forest. Although many studies have shown 
deforestation is associated with increased vector abundance, this study has shown 
that there is a decrease in An. balabacensis abundance from disturbed forest to oil 
palm plantations. Despite a decrease in vector abundance, human exposure increases 
from disturbed forest to oil palm plantation, due to higher human population and 
activity in these areas. Since land use change is complex, further accumulation of data 
on biting rates is needed to help develop predictive models to reduce disease 
transmission.  
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4.1. Abstract 
Malaria cases caused by Plasmodium knowlesi, a simian parasite naturally found in 
long-tailed and pig-tailed macaques, are increasing rapidly in Sabah, Malaysia. One 
hypothesis is that this increase is associated with changes in land use. A study was 
carried out to identify the anopheline vectors present in different forest types and to 
observe the human landing behaviour of mosquitoes. Mosquito collections were 
carried out using human landing catches at ground and canopy levels in the Tawau 
Division of Sabah. Collections were conducted along an anthropogenic disturbance 
gradient (primary forest, lightly logged virgin jungle reserve and salvage logged forest) 
between 18:00-22:00h. Results showed Anopheles balabacensis, a vector of P. 
knowlesi, was the predominant species in all collection areas, accounting for 70% of 
the total catch, with a peak landing time of 18:30-20:00h. Anopheles balabacensis had 
a preference for landing on humans at ground level compared to the canopy 
(p<0.0001). A greater abundance of mosquitoes were landing in the logged and lightly 
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logged forest compared to the primary forest (p<0.0001). Our results demonstrate the 
potential ability of An. balabacensis to transmit P. knowlesi between canopy-dwelling 
simian hosts and ground-dwelling humans, and that forest disturbance increases the 
abundance of this disease vector.  These results, in combination with regional patterns 
of land use change, may partly explain the rapid rise in P. knowlesi cases in Sabah. 
This study provides essential data on anthropophily for the principal vector of P. 
knowlesi which is important for the planning of vector control strategies. 
 
4.2. Introduction  
Malaria still remains a public health problem throughout tropical and sub-tropical 
regions of the world, with an estimated 198 million cases causing 584,000 deaths in 
2013 (WHO 2014b). Four Plasmodium species are recognised as causing human 
malaria; Plasmodium falciparum, P. malariae, P. ovale and P. vivax, but recently a fifth 
species, P. knowlesi, has been recognised as causing symptomatic malaria in humans 
(Singh et al. 2004; Cox-Singh et al. 2008; White 2008). Plasmodium knowlesi, 
transmitted by the forest-dwelling Anopheles from the Leucosphyrus group, is an 
emerging cause for zoonotic human malaria in Southeast Asia (Cox-Singh et al. 2008; 
Kantele & Jokiranta 2011; Antinori et al. 2013; Millar & Cox-Singh 2015). Malaysia has 
had a successful malaria control program, aimed to eliminate malaria by 2020, with 
marked reductions in reported cases of P. falciparum and P. vivax, but there has been 
a recent increase in P. knowlesi cases (Rajahram et al. 2012; William et al. 2013, 
2014; Yusof et al. 2014). Plasmodium knowlesi is now the most common cause of 
malaria in the Malaysian state of Sabah, accounting for 62% of all malaria incidences 
in 2013 and presenting a threat to malaria elimination (William et al. 2014). 
It has been proposed that land use change, including deforestation, forest 
fragmentation and agricultural practices, has increased the prevalence of P. knowlesi 
by increasing the encroachment of humans into previously forested areas, allowing a 
higher interaction between vectors and human and macaque hosts (Vythilingam et al. 
2008; William et al. 2013). The increase in P. knowlesi cases may also be 
underestimated due to misdiagnosis during microscopic examination (Barber et al. 
2013b; Singh & Daneshvar 2013). Microscopy of stained blood smears allows 
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differentiation between species, but frequent misdiagnosis occurs in areas containing 
P. falciparum, P. vivax and P. knowlesi (Barber et al. 2013b).  
Monkeys, particularly the long-tailed macaque (Macaca fascicularis) and the pig-tailed 
macaque (Macaca nemestrina) found in Southeast Asia, are the two main natural 
hosts of P. knowlesi (Garnham 1966). A study in Sabah showed nearly all patients 
with P. knowlesi malaria had a recent history of forest or forest-edge exposure, and 
had seen a macaque in the preceding month (Barber et al. 2013a), supporting the 
premise that P. knowlesi is primarily zoonotic. The existence of a zoonotic reservoir of 
P. knowlesi malaria poses a challenge to malaria elimination, because even if 
infections are eliminated from humans, there is the risk of future spill-over from 
macaque hosts.  
Most members of the Leucosphyrus group, from the genus Anopheles, feed primarily 
on monkeys in the canopy and are capable of transmitting various Plasmodium 
species (Sallum, Peyton & Wilkerson 2005). Previously incriminated mosquito vectors 
of P. knowlesi, from the Leucosphyrus group, bite and rest outdoors, which poses 
additional challenges to malaria elimination, as current control methods (ITNs, IRS) 
will not be effective (Tan et al. 2008; Jiram et al. 2012). Anopheles balabacensis is the 
predominant vector of human malaria in Sabah (Hii & Vun 1985; Khoon 1985), and 
has also been incriminated as a P. knowlesi vector (Collins, Contacos & Guinn 1967; 
Vythilingam 2010).  
Most primates are arboreal. Although some species of chimpanzees, baboons and 
macaques rest and feed at ground level during the day, primates almost always sleep 
in the canopy during the night (Anderson 2000). As Anopheles species generally bite 
between 6pm and 6am, primate roosting sites are potentially a key location for disease 
transmission between primate hosts. It is hypothesised that vectors are biting humans 
at ground level, but if given the opportunity, will bite at canopy level. We also expect 
that key vector species should be present in the disturbed forest habitats where people 
come into contact with monkeys, but it’s unknown what should happen in primary 
forest. 
Since transmission is increasing in Sabah, it is important to identify the vectors present 
and understand their biting behaviour. Despite ongoing studies in the Interior, West 
Coast, Kudat and Sandakan Sabah Divisions, Tawau Division is less studied. This 
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study was conducted to determine the vertical distribution of mosquitoes and their 
biting preference in Sabah, Malaysia. 
 
4.3. Methods 
4.3.1. Study site 
The study was conducted in the Tawau Division of Sabah, Malaysia. Three areas were 
selected along a forest disturbance gradient; primary lowland dipterocarp rainforest 
(PF), virgin jungle reserve (VJR) and twice-logged disturbed dipterocarp rainforest 
(LF). All data collection was carried out from April to July 2014.  
Primary forest survey points were selected in the vicinity of Danum Valley Field Centre 
(4°58’N, 117°42’E), located within the Danum Valley Conservation Area. This area 
consists of 43,800 ha of protected dipterocarp rainforest (Marsh & Greer 1992). Virgin 
jungle reserve (4°40’N, 117°32’E) and logged forest survey points (4°41’N, 117°34’E) 
were selected within the Benta Wawasan oil palm plantation. The 45,601 ha area is a 
mixture of twice-logged rainforest, virgin jungle reserve, acacia and oil palm. The VJR, 
of 2200 ha, has been logged around the edge, but never logged in the steep interior 
(Ewers et al. 2011). Survey points were selected 500-1000 m from the VJR edge in 
locations that had undergone light logging. Logged forest survey points were in 
selectively twice-logged forest, logged during 1970s, 1990s-2000s and currently 
disturbed by logging activity in surrounding areas. Further details of the project area 
are given by Ewers et al. (2011).  
Survey points were selected to synchronise with the central sampling design of the 
‘Stability of Altered Forest Ecosystems (S.A.F.E.) Project’, a large-scale fragmentation 
experiment, which is investigating the long-term effects of forest fragmentation (Ewers 
et al. 2011, Figure 4.1). Three survey points, with a minimum separation distance of 
500 m, were selected in each area. One tree was selected at each point based on its 
accessibility into the canopy, low density of epiphytes and height. Visual tree 
assessments (VTA) were carried out to make sure every tree was safe to climb. The 
trees selected ranged from a height of 15 m in the logged forest to 30 m in the virgin 
jungle reserve and primary forest.  
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Figure 4.1. Map of the Stability of Altered Forest Ecosystems Project, located in Sabah, Malaysia (a) Primary forest sites (b) Continuous twice-
logged forest (c) Twice-logged forest and fragmented forest in an oil palm matrix (d) Oil palm plantation sites (e) The fragmentation experiment 
comprising of six blocks (A-F). Reproduced from Ewers et al. (2011).
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4.3.2. Data collection 
Mosquitoes were collected using human landing catches at ground and canopy height 
between 18:00-22:00h. Four nights of collections were carried out in PF and VJR, and 
five nights in LF, using a rotation of collectors. Access was gained into the canopy 
using line insertion to high branches (Ellwood & Foster 2001), followed by the double 
rope climbing technique taught by Canopy Access Limited 
(http://www.canopyaccess.co.uk). The average canopy height surrounding each 
selected tree was calculated using a laser rangefinder. Canopy samples were 
collected at a height of two-thirds the average canopy height at that location (10-20 
m). Ground and canopy collections were conducted simultaneously.  
The collectors, with the aid of a red torch light, aspirated mosquitoes off their own legs. 
Collected mosquitoes were placed into cups covered with a net cloth, and a new cup 
was used during every half an hour of collection. Mosquitoes were taken back to the 
field laboratory to be killed and sorted into individual tubes with silica gel. All 
mosquitoes were identified morphologically using keys (Reid 1968; Rattanarithikul et 
al. 2005a; b, 2006a; b, 2010; Sallum et al. 2005). 
4.3.3. Meteorological data 
Rainfall (mm), air temperature (°C) and relative humidity (%) data were obtained from 
the S.A.F.E. Project and Danum Valley Field Centre for the duration of the field survey 
(March to July 2014). In addition, lunar illumination (%), cloud cover and unusual 
climatic events (e.g. strong winds) were recorded every half an hour by the collectors. 
4.3.4. Data analysis 
Analyses were performed using R version 3.1.1 (R Core Team 2014). Simpson and 
Shannon diversity indices were calculated in each area using the vegan function 
‘diversity’ (R package vegan, 'diversity': Oksanen et al. 2015). Species accumulation 
curves were calculated in each area using the vegan function ‘specaccum’ (R package 
vegan, 'specaccum': Oksanen et al. 2015). The Chao species estimator (Chao 1) and 
Abundance Coverage Estimator (ACE) were calculated the extrapolated species 
richness in each area using ‘chao1’ and ‘ACE’ functions in the R package ‘fossil’ (R 
package fossil, 'chao1', 'ACE': Vavrek 2015). 
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The effect of canopy height and forest disturbance (PF, VJR & LF) on mosquito 
abundance was analysed using a generalised linear mixed-effect model (R package 
lme4: Bates et al. 2015), using day and site as random factors, with Poisson error 
distribution. Chi-squared tests were used to compare the relative abundance of vector 
and non-vector species in each area, and between ground and canopy level. 
Differences in community composition at ground and canopy height were explored 
using Detrended Correspondence Analysis (R package vegan, ‘decorana’: Oksanen 
et al. 2015). The number of mosquitoes landing per night was used as a measure of 
relative abundance. We tested for significant differences in community composition 
using a linear model with the first DCA axis as the response variable against canopy 
height and forest disturbance.  
4.3.5. Ethics 
This project was approved by the Medical Research and Ethics Committee (NMRR-
12-689-12521), Ministry of Health, Malaysia and Imperial College London Research 
Ethics Committee (ICREC-12-5-6), UK. 
 
4.4. Results 
4.4.1. Mosquito abundance 
A total of 807 mosquitoes were collected from 39 human landing catch nights, 
consisting of 743 (92.1%) anophelines, and 64 (7.9%) culicines. A total of 555 (68.8%) 
mosquitoes from 21 species were found at ground level in comparison to 252 (31.2%) 
mosquitoes from 10 species at canopy level. Anopheles balabacensis was the 
predominant species at ground and canopy level at each collection site. A full list of 
species is given in Table 4.1.  
The number of species collected, Shannon index, Simpson index, Chao1 and ACE 
varied across land use and between ground and canopy level (Table 4.2-3). The 
species accumulation curves did not reach an asymptote at ground and canopy level, 
indicating not all species of mosquitoes had been collected (Figure 4.2). 
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Table 4.1. Mosquitoes collected from different collection sites in the district of Tawau, Sabah, 
Malaysia 
* Couldn’t be identified to species level  
 
Table 4.2. Mean species richness and diversity indices (± SE) of mosquito communities, 
collected at ground level, using human landing catches, in primary forest (PF), virgin jungle 
reserve (VJR) and logged forest (LF) 
Land use Human landing catches   
 N Species 
no. 
Shannon 
index 
Simpson 
index 
Chao1 ACE 
PF 12 4 0.06 (0.04) 0.45 (0.14) 7 7 
VJR 12 14 0.70 (0.10) 0.40 (0.05) 50 19.4 
LF 15 18 0.88 (0.12) 0.43 (0.06) 30.5 19.8 
 
  
Mosquito genera and 
species 
Number collected at: 
Primary forest Virgin jungle reserve Logged forest 
Ground Canopy Ground Canopy Ground Canopy 
Am. orbitae 0 0 0 0 1 0 
An. Aitkenii group 0 0 21 0 18 0 
An. barbirostris 0 0 1 0 3 0 
An. sp.* 0 0 1 0 10 3 
An. balabacensis 21 12 83 23 296 130 
An. latens 0 1 1 5 1 1 
An. macarthuri 0 1 10 4 16 5 
An. maculatus 1 0 7 2 12 4 
An. watsonii 1 6 3 15 14 11 
Arm. confusus 0 0 1 0 0 0 
Arm. jugraensis 0 0 0 0 5 0 
Arm. sp.* 0 0 1 0 0 0 
Col. pseudotaeniatus 0 0 1 0 0 0 
Coq. crassipes 0 0 0 1 0 1 
Cx. sitiens 0 0 0 0 5 1 
Cx. vishnui 0 0 0 0 2 0 
Cx. (Lophoceraomyia) 0 0 0 0 1 0 
Do. ganapathi 1 2 0 3 4 16 
Pr. ostentatio 0 0 1 0 0 0 
Ph. prominens 0 0 0 0 1 0 
Stg. albopicta 0 0 0 0 4 0 
Stg. sp.* 0 0 1 0 4 2 
Ve. sp.* 0 0 1 0 1 3 
Total mosquitoes 24 22 133 53 398 177 
No. of collection nights 12 12 12 12 15 15 
Mosquitoes/nights 2 1.8 11.1 4.42 26.5 11.8 
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Table 4.3. Mean species richness and diversity indices (± SE) of mosquito communities, 
collected at canopy level, using human landing catches, in primary forest (PF), virgin jungle 
reserve (VJR) and logged forest (LF) 
Land use Human landing catches   
 N Species 
no. 
Shannon 
index 
Simpson 
index 
Chao1 ACE 
PF 12 5 0.24 (0.13) 0.65 (0.12) 7 6 
VJR 12 7 0.71 (0.15) 0.50 (0.09) 7.5 7.36 
LF 15 11 0.56 (0.11) 0.32 (0.06) 15.5 12.41 
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Figure 4.2. Species accumulation curves for human landing catch sampling in primary forest 
at (a) Ground and (b) Canopy level,virgin jungle reserve at (c) Ground and (d) Canopy level, 
and logged forest at (e) Ground and (f) Canopy level. Shaded area indicates 95% confidence 
intervals 
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4.4.2. Effect of height and land use on mosquito abundance 
Mosquito abundance in the canopy was significantly lower than at ground level (Table 
4.4-5, Figure 4.3a). Logged forest had a significantly higher abundance than virgin 
jungle reserve or primary forest (Figure 4.3a). Similar patterns were seen with 
abundance of An. balabacensis (Table 4.4-5, Figure 4.3b). Rainfall and a higher 
evening temperature significantly decreased mosquito abundance, whereas moonlight 
increased the abundance (Table 4.4-5). Collector identity had no effect on mosquito 
abundance (2=3.871, df=2, p=0.144). Peak biting of An. balabacensis during the 
collection period was observed between 19:00 and 20:00h in logged forest and virgin 
jungle reserve (Figure 4.4). A chi-squared test of the contingency table of vector and 
non-vector species showed significant differences between ground and canopy level 
(2=3.77, df=1, p=0.05), but no differences across land use (2=1.14, df=2, p=0.565). 
  
Table 4.4. Effects of height, land use and habitat characteristics on daily mosquito abundance 
of all species combined, and on Anopheles balabacensis abundance separately. Chi-square 
(2), degrees of freedom (df), and p-values are given using log likelihood ratio test. Minimum 
adequate model (Final model) tested against the null model 
Predictor All species Anopheles balabacensis 
 2 Df p 2 df p 
Height 81.89 1 <0.0001*** 75.429 1 <0.0001*** 
Land use 10.939 2 =0.004** 7.150 2 =0.028* 
Temperature 34.920 1 <0.0001*** 24.166 1 <0.0001*** 
Rainfall 14.555 1 =0.0001*** 12.480 1 =0.0004*** 
Moonlight 4.489 1 =0.034* 5.500 1 =0.019* 
Final model 157.65 6 <0.0001*** 139.41 6 <0.0001*** 
 
 
  
Chapter 4 
  
84 
 
Table 4.5. Effects of height, area and habitat characteristics on daily mosquito abundance of 
all species combined, and on Anopheles balabacensis abundance separately. Coefficient 
estimates (β), standard errors, associated Wald’s z-score, and p-values are given 
Predictor All species Anopheles balabacensis 
 β SE z p β SE z p 
Intercept 10.367 1.241 8.356 <0.0001*** 10.233 1.423  7.190 <0.0001*** 
Height -0.050 0.006 -8.804 <0.0001*** -0.060 0.007 -8.348 <0.0001*** 
Area PF -2.268 0.545 -4.165 <0.0001*** -2.147 0.676 -3.176 =0.001** 
Area VJR -0.307 0.518 -0.593 =0.554 -0.633 0.657 -0.965 =0.335 
Temperature -0.295 0.047 -6.330 <0.0001*** -0.307 0.053 -5.788 <0.0001*** 
Rainfall -0.427 0.100 -4.306 <0.0001*** -0.448 0.115 -3.883 <0.0001*** 
Moonlight 0.006 0.003 2.129 =0.033* 0.007 0.003  2.507 =0.012* 
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Figure 4.3. Effects of collection height on the human landing rate (number of mosquitoes per night per bait) across a forest disturbance gradient: 
primary forest (PF), lightly logged virgin jungle reserve (VJR), and twice-logged forest (LF). (a) Total abundance of all species combined, (b) 
Abundance of the most common species, Anopheles balabacensis, alone. Error bars show ± SE of the mean 
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Figure 4.4. Hourly number of Anopheles balabacensis landing per person per night, at ground and canopy level, across an anthropogenic 
disturbance gradient from (a) Primary forest, (b) Virgin jungle reserve and (c) Logged forest. Error bars show ± SE of the mean  
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4.4.3. Community composition 
The DCA plot indicated that the community composition of the canopy was significantly 
different to ground level collection, and mainly separated along the first axis 
(F1,60=24.72, p<0.0001, Figure 4.5). The difference of composition across land use 
was not separated along the first axis (F2,60=0.92, p=0.4), but the interaction between 
height and land use was significant (F2,60=8.37, p<0.001). The first two axes accounted 
for 66.9 % of the total variance. Anopheles balabacensis was prevalent at both ground 
and canopy level, but the ground level community also included species such as An. 
barbirostris, Arm. jugraensis, Cx. vishnui and the An. Aitkenii group, which were not 
present in the canopy (Appendix C, Figure C.1).  
 
Figure 4.5. Detrended Correspondence Analysis (DCA) plot showing the major axes of 
variation for adult mosquito abundance at ground level and in the canopy of a tropical 
rainforest. The two axes represent linear summaries of the variation in the species numbers 
and areas 
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4.5. Discussion 
Studying the host preference of simian malaria vectors in the canopy is essential 
because the hosts are primarily arboreal. In order to develop, sustain or adapt a good 
control programme, it is important to monitor mosquito populations as well as their 
hosts and host-seeking preference, distribution and behaviour. Although previous 
studies in Southeast Asia have used monkey-baited traps at different canopy heights 
(Tan et al. 2008; Vythilingam et al. 2008; Jiram et al. 2012), this is the first study to 
attempt human landing catches, using this method, in the canopy. This study found 
that there was a higher abundance and human landing rate of mosquitoes at ground 
level, where people tend to be, than in the canopy where the simian hosts reside. This 
trend was driven by An. balabacensis, a key malaria vector in Sabah, and highlights 
the potential importance of this species in transmitting Plasmodium species from 
simian to human hosts. 
Anopheles balabacensis was the most abundant mosquito in all sampled areas, 
accounting for 70% of all collected species. Anopheles balabacensis is considered the 
most important vector of human malaria parasites on Banggi Island and Sabah, 
Malaysia (Hii & Vun 1985; Khoon 1985; Hii et al. 1988; Sallum et al. 2005) . In Sabah, 
An. balabacensis was found to be mainly exophagic, but could also be endophagic 
and exophilic (Sallum et al. 2005; Sinka et al. 2011). There were also two distinct 
subpopulations, one more zoophilic and one more anthropophilic (Hii 1985; Hii, Birley 
& Sang 1990; Hii et al. 1991). Anopheles balabacensis occurs in forested areas, and 
readily bites human and monkey hosts, making it an ideal vector of simian malaria 
(Eyles et al. 1964; Vythilingam 2010).  
Anopheles balabacensis has shown to bite as early as 18:00h in the Tawau Division 
(Chapter 3). Studies have shown the species bites as early as 19:00h in recent years 
in comparison to late night biters in previous decades (Hii 1985; Rohani et al. 1999; 
Vythilingam et al. 2005). Currently insecticide treated betnets (ITN) and indoor residual 
spraying (IRS) are the two main control methods in Malaysia (Rundi 2011). Given that 
An. balabacensis is early evening biting, highly anthropophilic, exophagic and 
exophilic, current control methods (ITN, IRS) are not sufficient to break the 
transmission cycle of P. knowlesi (Manguin 2013). In Vietnam and Cambodia, long-
lasting insecticidal hammocks (LLIH) were shown to reduce malaria incidence and 
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prevalence in forested areas, and may prove to be an additional effective tool in 
reduction of malaria in Malaysia (Thang et al. 2009; Sochantha et al. 2010; Manguin 
2013). The use of repellents have been used for malaria control, but need to be tested 
in forest and plantations areas. 
Different mosquito species have a particular flight distribution, with certain species 
flying and feeding close to ground, some species showing a preference for higher 
canopy heights, while others show a random distribution (Bates 1944; Clements 
1999). The percentage biting at different canopy heights can be affected by 
microclimate conditions, such as relative humidity, temperature, wind speed and 
rainfall (Bates 1945; Clements 1992), but may also change according to time of day 
(Silver 2008). This study found a different community composition of mosquitoes in 
the canopy in comparison to ground level. The species turnover that causes the 
difference in community composition between ground and canopy was driven by 
species that have limited reported medical importance.  
Moonlight appeared to have a significant impact on mosquito activity, with human 
landing rates increasing on bright nights. Although some studies have shown 
moonlight increases relative abundance of biting vectors (Bidlingmayer 1964; 
Charlwood et al. 1986; Birley & Charlwood 1989; Chadee 1992; Kampango, Cuamba 
& Charlwood 2011), others have shown a decrease (Miller et al. 1970; Davies 1975; 
Rubio-Palis 1992; Souza et al. 2005) or no effect at all (Singh et al. 1996). Collection 
bias was reduced in this study by collecting in each area under different phases of the 
moon. 
This study also showed how forest disturbance affected mosquito abundance, species 
richness and human landing rates. Vector abundance increased in the virgin jungle 
reserve and logged forest, but remained low in the primary forest. These results may 
be explained by the availability of larval breeding sites. Logged forests and virgin 
jungle reserves have increased levels of solar radiation reaching breeding habitats, in 
comparison to primary forests, which decreases mosquito development time 
(Leisnham et al. 2004). Wheel tracks in logged areas due to logging activities can also 
provide breeding sites for a range of mosquito species, whereas wheel tracks are not 
present within primary forests or virgin jungle reserves (Rattanarithikul et al. 2005b). 
Species richness, estimated by the Chao1 index and ACE, differed across land use 
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and height, with logged forest and ground level having a higher species richness than 
primary forest and canopy.  
Malaysian Borneo is a hotspot for forest loss and degradation due to timber and oil 
palm demands, resulting in nearly 80% of land area affected by logging and clearing 
operations from 1990 to 2009 (Bryan et al. 2013). Deforestation, logging and forest 
fragmentation increase human-wildlife interactions, which can expose humans, 
livestock and wildlife to newly recognised pathogens (Wolfe et al. 2000). Deforestation 
in many areas has caused monkeys, humans and forest dwelling vectors to interact 
more frequently (Vythilingam 2010), which may be associated with the  increase in 
prevalence of P. knowlesi in Sabah (William et al. 2013). Moreover, our results 
demonstrate that the disturbed forest habitats in this particular setting have higher 
abundances of malaria vectors, further potential for increasing the probability of 
simian-human disease transmission at these transition zones between people and 
forest.  
 
4.6. Conclusions 
This study has given an overview of mosquito species found in the Tawau Division, 
including human host-seeking preference at canopy and ground levels. Anopheles 
balabacensis was the predominant species found in primary forest, virgin jungle 
reserve and logged forest with a preference for landing on humans at ground level. As 
An. balabacensis is a vector of human and simian malaria, these findings will be useful 
for the planning of control strategies of malaria vectors. 
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5.1. Abstract 
Tracking the movement of mosquitoes and understanding dispersal dynamics is 
essential for the control and prevention of vector-borne diseases. A variety of marking 
techniques have been used, including dusts and dyes. In this study, Stegomyia aegypti 
were marked using fluorescent dusts (‘DayGlo’: A-19 Horizon Blue & A-13-N Rocket 
Red; ‘Brian Clegg’: pink, blue & red), fluorescent paints (‘Brian Clegg’: blue, red & 
yellow) and metallic gold dust (‘Brian Clegg’). Dusting methods were those previously 
used in mark-release-recapture experiments, including application with a bulb duster, 
creation of a dust storm or shaking in a bag. Results showed marking mosquitoes 
using a dust storm allowed relatively high survival, compared to unmarked method 
controls, and high marking efficiency. The remaining methods gave varying results, 
with different colours significantly reducing mosquito survival. Mosquitoes marked with 
blue dusts had the most significant reduction in survivorship in comparison to controls. 
Mosquitoes marked with pinks or reds showed both reasonable performance in 
marking and impact on overall survival across males and females. This study showed 
that marking technique and colour can have a significant impact on the survival and 
marking coverage of a mosquito. 
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5.2. Introduction 
Dispersal is an essential component of understanding insect biology, behaviour, life 
history and population dynamics (Hagler & Jackson 2001). Understanding dispersal 
dynamics and flight ranges of mosquito vectors is essential for the mitigation of 
disease, successful implementation of protection against infection and an important 
step in understanding the ecology of a vector (Silver 2008). Mark-release-recapture 
(MRR) techniques can be used to estimate mosquito population densities, feeding 
behaviour, duration of gonotropic cycles and their dispersal behaviour (Silver 2008).  
An ideal marking technique should be cost-effective, easily applied, visible, non-toxic 
and should not affect the behaviour, development, longevity or reproduction of 
mosquitoes (Southwood & Henderson 2000; Hagler & Jackson 2001). Marking 
techniques have the potential to affect the mortality and dispersal rates of marked 
individuals in a way that could bias the results arising from MRR experiments, so 
preliminary experiments on marking methodologies are required prior to carrying out 
MRR experiments (Silver 2008).   
A variety of methods have been used to mark mosquitoes, including dusts (Darling 
1925; Sheppard et al. 1969; Reisen, Mahmood & Parveen 1979; Muir & Kay 1998; 
Russell et al. 2005; Williams et al. 2012), dyes (Welch et al. 2006; Tsuda et al. 2008), 
paints (Conway, Trpis & McClelland 1974; Cho et al. 2002), trace elements (Wilkins 
et al. 2007) and radioactive isotopes (Lindquist et al. 1967; Hamer et al. 2012) (see 
reviews in Southwood & Henderson 2000; Hagler & Jackson 2001; Silver 2008). One 
of the most common methods of marking mosquitoes externally is to apply micronized 
particles of dust (also known as powder or pigments), particularly fluorescent dust, to 
a large number of mosquitoes (Hagler & Jackson 2001). Dusts are cost-effective, 
available in a range of colours, easily applied and very detectable.  
Several types of fluorescent dusts have been used to mark insects, including ‘Helecon’ 
and Radiant dusts, but the ‘DayGlo’ series A and AX are now the most commonly used 
as no adhesive is needed for mosquitoes to retain marks (Silver 2008). Dusts can be 
applied using a syringe (Muir & Kay 1998) or bulb duster (Jones et al. 2012), putting 
them in a bag containing dust and shaking them gently (Ikeshoji & Yap 1990), or by 
creating a dust storm within a cage (Renshaw, Service & Birley 1994). Many shaking 
methods can cause high mortality by applying too much dust to mosquitoes. This can 
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increase mortality, decrease mobility and affect the sensory organs (Hagler & Jackson 
2001), giving biased results in MRR studies. There is also the constraint of dusts not 
persisting long enough for long-term studies and transference of dusts to unmarked 
individuals (Fryer & Meek 1989; Hagler & Jackson 2001). 
Paints can be applied individually (Conway, Trpis & McClelland 1974) or to large 
groups of individuals (Cho et al. 2002; Tsuda et al. 2008). Applying paints individually 
can be time-consuming, but mass marking by spraying paints can be easy and quick. 
Usually paints are diluted with acetone or alcohol before being sprayed from hand 
atomizers or spray guns (Hagler & Jackson 2001). Myles and Grace (1991) 
experimented with spray paints as an adhesive for borate dusts on termites, claiming 
they were non-toxic. Fluorescent paints adhere to body parts, can achieve 100% 
coverage and are readily identifiable under UV light (Forschler 1994). Marking with 
paints is usually believed to cause little mortality, but it is likely that applying paint spots 
to mosquito wings affects behaviour and possibly survival (Silver 2008). Droplet size 
and visibility needs to be balanced in order to ensure that the mosquito is unaffected 
and able to be seen. 
The effects of marking adults with powders or stains, or any other substance, should 
always be carefully evaluated by comparing mortalities of marked and unmarked 
mosquitoes of the same species, sex and if possible same age over the lifetime of the 
insect. Unfortunately it appears from the literature that in many experiments where 
marking was carried out, the effects of the marking were not evaluated statistically, or 
inadequately so (Silver 2008). In order to improve marking efficiency for future 
dispersal and population studies, methods should be rigorously compared. This study 
was conducted to determine the best method and colour for marking mosquitoes for 
MRR experiments by comparing the mortalities of marked and unmarked individuals, 
whether immobilising the mosquitoes had adverse effects on survival and calculating 
how efficient each method is in marking. 
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5.3. Methods 
5.3.1. Mosquitoes 
Stegomyia aegypti (=Aedes aegypti, see Reinert, Harbach & Kitching 2004) 
(Linnaeus) were used for all laboratory experiments. For the rearing of mosquitoes, 
second instar larvae were placed in plastic trays and fed daily with fish food 
(TetraMinBaby©). Pupae were transferred to a cup of water in an insect rearing cage. 
Larvae and adults were maintained under insectary conditions (27°C, 70% RH and a 
photoperiod of 12:12 [L:D] h) and provided with 10% sucrose solution. 
5.3.2. Marking of mosquitoes 
Two or three day old Stg. aegypti mosquitoes were randomly aspirated into 90 mm 
plastic containers (1 L tumblers) with gauze tops, until there were 15-18 females and 
15-18 males in each container. After applying the marking technique, all experimental 
containers had cotton wool soaked in 10% sucrose solution placed on top of the 
gauze, which was refreshed daily. A plastic lid was placed over the top of the container 
to keep the humidity high. Dead mosquitoes were recorded daily and removed. 
Mosquitoes were immobilised prior to the marking methods to allow a better coverage, 
and to prevent accidental release.  To check that survival was not affected by 
immobilising them, an experiment was set up to compare briefly immobilised 
mosquitoes to control mosquitoes. Two containers were placed in a freezer (-18°C) 
for one minute, and then changed over to a container held at room temperature (22°C) 
until the mosquitoes had recovered. Two containers of immobilised mosquitoes and 
two containers of control mosquitoes were then placed back in the insect rearing room 
(27°C) until all mosquitoes died. 
Dusts from two companies were used in this experiment; A-19 Horizon Blue and A-
13-N Rocket Red  ‘DayGlo’ series A fluorescent pigments (DayGlo Color Corp, 
Cleveland, OH, USA), which will be referred to as ‘D Blue’ and ‘D Red’, gold metallic 
dust (Brian Clegg, UK), pink, blue and red fluorescent dusts (Brian Clegg, UK), which 
will be referred to as ‘BC Gold’, ‘BC Pink’, ‘BC Blue’ and ‘BC Red’. Yellow, blue and 
red fluorescent paints (Brian Clegg, UK) were also used in this experiment. DayGlo 
dusts are manufactured from organic dyes, incorporated into a melamine 
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formaldehyde resin and grounded into a fine powder (Silver 2008). Brian Clegg dusts 
are composed of calcium/magnesium carbonate, for use as powder paints. 
The marking methods used in this experiment were; placing mosquitoes in a bag with 
dust at the bottom and gently shaking (hereafter known as ‘bag’ method), using a bulb 
duster to create a small puff of dust (hereafter known as ‘bulb duster’ method), using 
a fan to create a small dust storm within a cage (hereafter known as ‘dust storm’ 
method) and lightly spraying paint in small droplets (hereafter known as ‘paint’ 
method). The paint solution was made by mixing 2 g dust, 200 ml paint of the same 
colour and 200 ml distilled water. This was repeated for each paint colour. The paint 
control was made up of 200 ml distilled water. After the mosquitoes had been 
immobilised, they were transferred to a tray and the paint solution was finely sprayed, 
using an atomiser, three times over the mosquitoes. Mosquitoes were then transferred 
to a container to recover, and placed in the insect rearing room. All DayGlo and Brian 
Clegg dusts were used for the bulb duster, bag and dust storm method. The bulb 
duster was loaded with 0.3 g dust per container; mosquitoes were transferred to a tray 
and sprayed four times. The bag method had 0.3 g dust placed in the bottom of the 
bag; immobilised mosquitoes were placed in the bag and gently shaken in the bag. 
Mosquitoes for the dust storm method were also placed in a bag with 0.3 g dust, a fan 
was used to create a dust storm within the bag. After all dusting methods, immobilised 
mosquitoes were gently placed back in their original container. Each method had a 
control, where mosquitoes were handled similarly to marked mosquitoes, but dusts or 
paints were not added. Each method, control and colour had three repeats, each 
containing at least 30 mosquitoes. The survival experiment continued until all 
mosquitoes died. 
‘Marking efficiency’ scores were given to each colour and method used. Scores were 
calculated by whether dust could be seen from 20 cm away, and if dust was present 
on their head, thorax, abdomen, legs or wings when observed using a dissection 
microscope. A score of ‘1’ was given if present, or ‘0’ if not present, for each category. 
The sum of these categories gave the overall marking efficiency score, out of a 
maximum of six. 
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5.3.3. Data analysis 
The survival data was analysed using a Cox proportional hazards regression model 
(R package survival, ‘coxph’: Therneau 2015). Across all experimental treatments 
there was a clear difference between male (N = 1260), and female (N = 1235) survival 
(2=1080.80, df=1, p<0.0001), therefore analysis was performed separately for each 
sex. Immobilised and mobile mosquitoes were compared prior to testing the effect of 
dust and marking methods on mosquito survival.  
Immobilised mosquitoes were compared to unmarked method controls using a Cox 
proportional hazards regression model. Marking methods (bag, bulb duster, dust storm 
and paint) were compared separately, to see what effect colour had on each method. 
Each method was compared to an unmarked control, which had been handled in a 
similar way. Finally, marked mosquitoes were compared to immobilised mosquitoes.  
A generalised linear model (GLM) with quasi-poisson errors was used to test marking 
efficiency in relation to marking method and colour. A GLM with poisson errors showed 
that the data was over-dispersed. Interactions were tested for, but were not present. 
Mosquitoes that died early (days 1-20) and late (days 21-61) within the experiment 
were compared separately for marking efficiency. Males and females were combined 
within the model because their marking efficiencies were not significantly different 
(df=1, p=0.897). All models were plotted to see how well the model fitted the data. All 
graphs were plotted using R version 3.1.1 (R Core Team 2014). 
 
5.4. Results 
The experiment ran for 61 days, at which point all mosquitoes had died. Median 
longevity was 12 and 28 days for males and females, respectively. Overall, 716 (58%) 
of females survived beyond 30 days, but only 21 (2%) male individuals survived 
beyond 30 days. There were no significant differences in longevity between 
immobilised mosquitoes and their controls for males (2=1.46, df=1, p=0.227) or 
females (2=2.10, df=1, p=0.148). The bag and dust methods had significantly higher 
longevity in males than the control (Table 5.1, Figure 5.1a). In females, the bag, bulb 
duster, dust storm and paint methods had significantly higher longevity than the control 
(Table 5.1, Figure 5.1b). 
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Table 5.1. Results from cox proportional hazards regression model, testing different methods 
(bag, bulb duster, fan and paint) against immobilised controls. Coefficient estimates (β), 
standard errors, associated Wald’s z-score, and p-values are given. 
Method Males Females 
 β SE z p β SE z p 
Bag -0.759 0.237 -3.207 <0.01** -0.551 0.226 -2.443 <0.05* 
Bulb duster -0.517 0.229   -2.264 <0.05* -1.335 0.238   -5.612 <0.0001*** 
Dust storm -0.136 0.228   -0.598 =0.550 -0.930 0.235   -3.952 <0.0001*** 
Paint -0.053 0.229   -0.231 =0.817 -0.795 0.225   -3.535 <0.0001*** 
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Figure 5.1. Survivorship plot of (a) Male and (b) Female Stegomyia aegypti marked using different methods (bag, bulb duster, dust storm & paint) 
vs. immobilised controls
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5.4.1. Survival analysis of dusted mosquitoes using method controls 
With the exception of BC Blue, the survival of male mosquitoes was significantly lower 
using the bag method, in comparison to the method control (Table 5.2, Figure 5.2a). 
The use of Dayglo dusts with the bag method, particularly D Blue significantly lowered 
male survival. The use of D Red and BC Blue and bag method significantly reduced 
female survival, in comparison to the method control, but the remaining colours did not 
(Table 5.3, Figure 5.3a). There was no significant difference between the survival of 
male mosquitoes, marked using a bulb duster, and the method controls, except for BC 
Gold, which significantly increased male longevity (Table 5.2, Figure 5.2b). Except for 
BC Blue, all dust colours significantly reduced female survival whilst using the bulb 
duster (Table 5.3, Figure 5.3b).  
Dusts applied to male mosquitoes using the dust storm method were not significantly 
different to method controls, with the exception of D Blue, which has a significantly 
decreased longevity (Table 5.2, Figure 5.2c). BC Red significantly reduced the 
longevity of female mosquitoes marked using the dust storm method, but the other 
colours had no impact (Table 5.3, Figure 5.3c). Applying paint had no significant 
impact on the survival and longevity of male mosquitoes (Table 5.4, Figure 5.2d), but 
the blue paint significantly reduced the survival and longevity of female mosquitoes 
(Table 5.4, Figure 5.3d). Yellow and red paint did not significantly reduce the survival 
of females marked with paint (Table 5.4, Figure 5.3d).   
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Table 5.2. Results from cox proportional hazards regression model, testing different methods (bag, bulb duster and dust storm) on male 
Stegomyia aegypti against unmarked method controls. Coefficient estimates (β), standard errors, associated Wald’s z-score, and p-values are 
given 
Colour Bag Bulb duster Dust storm 
 β SE z p β SE z p β SE z p 
D Blue 2.160 0.226 9.566 <0.0001 0.005 0.204 0.024 =0.980 0.453 0.207 2.187 =0.029 
D Red 1.179 0.220 5.363 <0.0001 0.164 0.204 0.803 =0.422 0.042 0.207 0.202 =0.840 
BC Gold 0.572 0.220 2.604 =0.009 -0.581 0.215 -2.699 =0.007 -0.228 0.209 -1.093 =0.274 
BC Blue 0.316 0.215 1.467 =0.142 0.089 0.207 0.428 =0.668 -0.270 0.210 -1.288 =0.198 
BC Pink 1.321 0.222 5.950 <0.0001 0.337 0.207 1.633 =0.103 0.098 0.203 0.484 =0.628 
BC Red 0.898 0.218 4.129 <0.0001 0.009 0.204 0.046 =0.963 -0.389 0.207 -1.881 =0.056 
 
Table 5.3. Results from cox proportional hazards regression model, testing different methods (bag, bulb duster and dust storm) on female 
Stegomyia aegypti against unmarked method controls. Coefficient estimates (β), standard errors, associated Wald’s z-score, and p-values are 
given 
Colour Bag Bulb duster Dust storm 
 β SE z p β SE z p β SE z p 
D Blue -0.147 0.209 -0.704 =0.481 2.918 0.248 11.752 <0.0001 0.339 0.210 1.615 =0.106 
D Red 1.387 0.212 6.536 <0.0001 1.847 0.231 7.996 <0.0001 0.353 0.209 1.687 =0.092 
BC Gold 0.099 0.213 0.463 =0.643 1.241 0.219 5.675 <0.0001 0.101 0.210 0.478 =0.632 
BC Blue 0.591 0.208 2.837 =0.005 0.202 0.212 0.951 =0.342 0.309 0.211 1.464 =0.143 
BC Pink 0.077 0.207 0.372 =0.710 2.415 0.238 10.139 <0.0001 0.292 0.208 1.405 =0.160 
BC Red -0.305 0.211 -1.447 =0.148 1.608 0.232 6.935 <0.0001 0.721 0.212 3.395 <0.0001 
 
Table 5.4. Results from cox proportional hazards regression model, testing paint on male and female Stegomyia aegypti against unmarked 
method controls. Coefficient estimates (β), standard errors, associated Wald’s z-score, and p-values are given 
Colour Males Females 
 β SE z p β SE z p 
Blue -0.259 0.209 -1.240 =0.215 1.219 0.214 5.702 <0.0001 
Red -0.188 0.204 -0.926 =0.355 0.385 0.202 1.909 =0.06 
Yellow -0.250 0.207 -1.206 =0.228 -0.249 0.204 -1.218 =0.223 
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Figure 5.2. Survivorship plot of male Stegomyia aegypti marked with DayGlo colour dust (D 
Blue & D Red) and Brian Clegg coloured dust (BC Blue, BC Pink, BC Red, BC Gold), using 
different marking methods: (a) Bag (b) Bulb duster (c) Dust storm and (d) Paint vs. unmarked 
method controls 
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Figure 5.3. Survivorship plot of female Stegomyia aegypti marked with DayGlo colour dust (D 
Blue & D Red) and Brian Clegg coloured dust (BC Blue, BC Pink, BC Red, BC Gold), using 
different marking methods: (a) Bag (b) Bulb duster (c) Dust storm and (d) Paint vs. unmarked 
method controls 
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5.4.2. Survival analysis of dusted mosquitoes using immobilised controls 
In comparison to unmarked immobilised mosquitoes, D Blue, D Red and BC Pink, 
applied using the bag method, significantly reduced male survival, but BC Blue 
increased survival (Table 5.5, Figure 5.4a). Female mosquitoes responded differently, 
with D Red significantly reducing survival, but D Blue, BC Gold, BC Pink and BC Red 
increasing survival (Table 5.6, Figure 5.5a). Using the bulb duster method, all colours 
increased the survival of male mosquitoes (Table 5.5, Figure 5.4b), but only BC Blue 
increased the survival of female mosquitoes (Table 5.6, Figure 5.5b). BC Gold and BC 
Red had no impact on the survival of female mosquitoes, but D Blue, D Red and BC 
Pink reduced survival (Table 5.6, Figure 5.5b). 
There was no significant difference between immobilised mosquitoes and male 
mosquitoes marked, using the dust storm method, with D Blue, D Red and BC Pink 
but the remaining colours increased survival (Table 5.5, Figure 5.4c). With the 
exception of BC Red marked using the dust storm method, which was not significantly 
different to immobilised mosquitoes, the remaining colours increased female survival 
(Table 5.6, Figure 5.5c). The paint method significantly increased the survival of males 
(Table 5.7, Figure 5.4d), and females marked with red and yellow paint (Table 5.7, 
Figure 5.5d). Blue paint significantly reduced the longevity of female mosquitoes 
(Table 5.7, Figure 5.5d). 
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Table 5.5. Results from cox proportional hazards regression model, testing different methods (bag, bulb duster and dust storm) on male 
Stegomyia aegypti against immobilised mosquitoes. Coefficient estimates (β), standard errors, associated Wald’s z-score, and p-values are given 
Colour Bag Bulb duster Dust storm 
 β SE z p β SE z p β SE z p 
D Blue 1.542 0.204 7.549 <0.0001 -0.723 0.192 -3.769 <0.0001 0.143 0.189 0.757 =0.449 
D Red 0.496 0.192 2.585 0.009 -0.562 0.190 -2.961 =0.003 -0.294 0.193 -1.524 =0.127 
BC Gold -0.149 0.194 -0.766 0.443 -1.289 0.208 -6.203 <0.0001 -0.538 0.193 -2.787 =0.005 
BC Blue -0.411 0.196 -2.100 0.036 -0.633 0.193 -3.282 =0.001 -0.582 0.196 -2.969 =0.003 
BC Pink 0.646 0.193 3.345 <0.0001 -0.387 0.191 -2.033 =0.042 -0.212 0.185 -1.147 =0.251 
BC Red 0.176 0.194 0.909 0.363 -0.717 0.194 -3.693 <0.0001 -0.705 0.192 -3.668 <0.0001 
 
Table 5.6. Results from cox proportional hazards regression model, testing different methods (bag, bulb duster and dust storm) on female 
Stegomyia aegypti against immobilised mosquitoes. Coefficient estimates (β), standard errors, associated Wald’s z-score, and p-values are given 
Colour Bag Bulb duster Dust storm 
 β SE z p β SE z p β SE z p 
D Blue -0.729 0.198 -3.687 <0.0001 1.716 0.205 8.378 <0.0001 -0.447 0.196 -2.276 =0.023 
D Red 0.775 0.194 3.988 <0.0001 0.613 0.195 3.146 =0.002 -0.448 0.195 -2.304 =0.021 
BC Gold -0.477 0.201 -2.366 =0.018 0.022 0.192 0.115 =0.909 -0.681 0.197 -3.450 <0.0001 
BC Blue 0.002 0.195 0.012 =0.990 -0.965 0.215 -4.485 <0.0001 -0.476 0.197 -2.414 =0.016 
BC Pink -0.519 0.195 -2.661 =0.008 1.189 0.195 6.087 <0.0001 -0.499 0.194 -2.572 =0.010 
BC Red -0.866 0.200 -4.322 <0.0001 0.365 0.194 1.879 =0.06 -0.076 0.193 -0.394 =0.694 
 
Table 5.7. Results from cox proportional hazards regression model, testing paint on male and female Stegomyia aegypti against immobilised 
mosquitoes. Coefficient estimates (β), standard errors, associated Wald’s z-score, and p-values are given 
Colour Males Females 
 β SE z p β SE z p 
Blue -0.506 0.194 -2.606 =0.009 0.408 0.193 2.117 =0.034 
Red -0.427 0.188 -2.271 =0.024 -0.347 0.195 -1.784 =0.074 
Yellow -0.502 0.192 -2.613 =0.009 -0.956 0.202 -4.744 <0.0001 
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Figure 5.4. Survivorship plot of male Stegomyia aegypti marked with DayGlo colour dust (D 
Blue & D Red) and Brian Clegg coloured dust (BC Blue, BC Pink, BC Red, BC Gold), using 
different marking methods: (a) Bag (b) Bulb duster (c) Dust storm and (d) Paint vs. immobilised 
mosquitoes  
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Figure 5.5. Survivorship plot of female Stegomyia aegypti marked with DayGlo colour dust (D 
Blue & D Red) and Brian Clegg coloured dust (BC Blue, BC Pink, BC Red, BC Gold), using 
different marking methods: (a) Bag (b) Bulb duster (c) Dust storm and (d) Paint vs. immobilised 
mosquitoes  
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5.4.3. Marking efficiency 
For marking efficiency, no statistical difference was observed between early (days 1-
20) and late (days 21-61) survival, indicating that those individuals who showed signs 
of being marked in the beginning of the experiment remained so for the rest of the 
experiment (df=1, p<0.0001). All methods of application and colours were visible 
(p≤0.002 for all dusting combinations), but some more visible than others (Figure 5.6). 
The paint method was the least visible, followed by the bulb duster (Figure 5.6a). D 
Blue, D Red, BC Red and BC Pink showed the greatest marking efficiency (Figure 
5.6b). DayGlo dusts had a higher marking efficiency than Brian Clegg dusts. 
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Figure 5.6. Marking efficiency of methods and colours. Marking efficiency (0–6) of male and female Stegomyia aegypti using different (a) Marking 
methods and (b) Colours of dust 
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5.5. Discussion 
The effect of dusts on insect survival and behaviour varies with species (Narisu, 
Lockwood & Schell 1999) thus the amount of dust used and application technique is 
likely to have an effect. Although some studies have found no significant differences 
between the survival rates of marked insects to unmarked controls (Crumpacker 1974; 
Moth & Barker 1975; Sempala 1981; Lysyk & Axtell 1986; Oloumi-Sadeghi & Levine 
1990; Chiang et al. 1991; Takken et al. 1998; Narisu, Lockwood & Schell 1999; 
Watson, Saul & Kay 2000; Cameron et al. 2002; Weldon 2005; Nakata 2008; Hoddle 
et al. 2011; Johnson, Spitzauer & Ritchie 2012; Liu et al. 2012), others have 
documented adverse dusting effects (Moffitt & Albano 1972; LaBrecque et al. 1975; 
Williams, LaBrecque & Patterson 1977; Naranjo 1990; Dye, Davies & Lainson 1991; 
Coviella et al. 2006; Reid & Reid 2008; de Guzman, Frake & Rinderer 2012), with 
factors including brand and colour often associated with dramatic differences between 
marked and unmarked controls. 
This study found that males and female Stg. aegypti were adversely affected by the 
bag and the bulb duster methods. It is possible that the bag method was more 
damaging to males due to their fragility and that physical shaking damaged their 
extremities. Shaking procedures have shown to be detrimental to delicate insects 
because they place too much dust on the insects, and cause high mortality 
immediately after marking (Meyerdirk, Hart & Burnside 1979; Hagler & Jackson 2001). 
It is less certain as to why the bulb duster method gave greater mortality for females 
but it may also be due to an excess of dust that female mosquitoes were unable to 
groom off. Too much dust can decrease mobility, interfere with sensory organs and 
increase mortality (Davey 2009). Excessive moisture whilst marking can cause insects 
to become ‘gummed up’ with dust (Crumpacker 1974), but this was not an issue in this 
study as relative humidity was constant and there were no observations of any water 
droplet formation or gumming of dust.   
The commonly used dust storm method had less impact on survival and thus is better 
than the other two dusting methods. This is perhaps due to dust storms atomising the 
dust better than the bag and bulb dusting methods. As for marking efficiency for each 
method, the dust storm and bag provided the greatest coverage of mosquitoes. 
Spraying mosquitoes with fluorescent paint had no marked effect on survival, possibly 
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due to the small droplet use in the study, which was designed to balance survival and 
coverage. The paint method showed a low marking efficiency in comparison to the dry 
marking methods. This could be increased by extra sprays during marking, but too 
much moisture can affect behaviour and survival (Silver 2008). Whilst relative humidity 
prolongs mosquito survival, excess wetting mosquitoes can be a source of mortality 
(Crumpacker 1974), so this method must be used with caution. It is unknown why the 
treated mosquitoes outlived the controls in Figure 5.1. There was no difference 
between the longevity of immobilised mosquitoes and mobilised mosquitoes, but 
perhaps the addition of dust, and moving them around during the marking methods 
increased their survival due to dust being held at room temperature.  
Colour choice appears to be important for MRR studies. The reds and pinks used had 
intermediate values for both survival and marking efficiency. Although D Blue could be 
seen using the naked eye, the significant negative effect on survival makes it 
unsuitable for studies where an assumption is made that the marked individuals are 
of equal fitness to the unmarked. Other shades of blue which have a different chemical 
make-up and/or different concentrations of agents may not create this effect. This was 
observed in Reticulitermes which had a significant mortality rate over 15 days for 
Sudan Red 7B but not Neutral Red (Su, Ban & Scheffrahn 1991). This may contribute 
to the success and failure of any MRR studies which use different shades of D Blue 
or other colours, although many other factors should be considered such as the scale, 
location, season, duration of the study and marking method. The low impact of BC 
Blue on survival could be used as evidence to argue this but owing to its poor marking 
efficiency, it is possible that the dust was unable to adhere to individuals and was 
thereby spuriously associated with high survivorship. A colour change occurred in BC 
Gold tests with blue webbing across appendages at 15 days and it additionally had 
greater longevity for those marked with this colour for reasons unknown. 
Mosquitoes marked with the two particular shades of DayGlo dust had reduced 
survival, but further testing with more colours, shades and chemical compositions is 
required to conclude whether one brand has lower mortality. Other studies have also 
observed reduced survival rates that are dependent on the colour of dust used. 
Coviella et al. (2006) observed reduced survival in cicadellids, but only for one of the 
six colours of DayGlo dusts tested. One of 14 colours of powders tested by Toepfer et 
al. (2005) reduced the survival in corn rootworm adults.  
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Two concerns in scaling the results from this laboratory study up to a semi-field or field 
trial are establishing a practical immobilisation method and preventing contact-transfer 
among marked and unmarked individuals. Firstly, using a freezer to immobilise 
mosquitoes in the field would prove difficult in certain situations, but diethyl ether is a 
suitable replacement. Even though freezing was chosen here over a chemical agent, 
provided the knock-out time is similar and the chemical has no lasting effects, it is 
likely to have no significant effect in the survival of the mosquito (Silver 2008). As it is 
well established that many species and strains vary in environmental resilience and 
excessive immobilising methods have the potential to cause significant mortality, 
immobilisation and marking technique should be tested in the laboratory and suitable 
concentrations established before field experiments. It should also be noted that 
marking under a laboratory setting without the uncontrolled weather and 
environmental conditions of a field study are likely to mean that marking efficiency will 
be high for a longer duration than can be expected in the field. 
Secondly, contact-transfer can bias results when using methods which heavily rely on 
dust coverage, potentially marking 1-3% of the unmarked mosquitoes after 24 hours 
if exposed to DayGlo mosquitoes in a confined space (Fryer & Meek 1989). Dust 
particles can potentially be transferred to unmarked insects in traps and sweep nets 
used for sampling (Miller 1993), where individuals are forced to come into contact with 
each other, but is not an issue with sticky traps. It should be noted that same-sex 
transfer is likely to be of little concern and most transfer would occur during mating. 
Crumpacker et al. (1974) observed no dust transfer during mating of Drosophila 
pseudoobscura or following the crowding of heavily marked and unmarked individuals 
after they were allowed to clean themselves before mixing. The implication of this for 
field studies is that they should mark individuals then give them time to clean 
themselves in relatively uncrowded conditions before releasing them. 
We expect it is likely that the effects we observed here of dusting methods on survival 
of Stg. aegypti will be similar to the effects on Anopheles species, although other 
experiments have shown little difference in survival of marked and unmarked An. 
punctulatus, An. maculatus, An. sinensis, An. subpictus and An. stephensi (Reisen, 
Mahmood & Parveen 1979; Reisen & Aslamkhan 1979; Charlwood, Graves & Birley 
1986; Chiang et al. 1991; Miller 1993; Liu et al. 2012). The survival of a mosquito is 
dependant on many variables, including its size and resistance to environmental stress 
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(Haramis 1983; Kitthawee, Edman & Upatham 1992; Ameneshewa & Service 1996). 
The effects of marking represents an additional stress on the body of the insect, 
making it necessary to carry out this experiment on other medically-important 
mosquito subfamilies, including the malaria vector species in Anopheles, where a 
range of body sizes and survival rates have been reported (Petrarca et al. 1998; Silver 
2008; Castillo, Brown & Strand 2011).   
We found that application method had a significant effect on mosquito survival, and 
that the dust storm method caused the least mortality. Of the colours, the two shades 
of blue we tested should be avoided. For increased survival and marking efficiency, 
BC Pink or BC Red appear to be the most viable options. Care should be taken before 
using new colours (e.g. BC Gold)  and when assuming there are no significant effects 
on mosquito survival with a chosen method, as our results suggest they may strongly 
bias the results of a MRR study. Choosing the best technique for use in the field will 
be essential to the success of field-based studies in mosquito dispersal. 
 
5.6. Conclusions 
Few studies have addressed the implications of marking efficiency and survivorship 
on male and female mosquitoes following marking, and even fewer have compared 
marking methods. Stg. aegypti is the primary vector of dengue, and its spatial 
movement is of interest to many policymakers and modellers. With no specific 
treatment, and the increased global incidence of dengue, it is becoming paramount to 
understand the vector’s dispersal through studies such as MRR. Successful MRR 
studies require a benign technique that adheres to the mosquito for a defined duration. 
This study showed that treatments not only affected males and females differently, but 
also particular colours and methods were significantly different to controls. Males 
dusted with D Blue and females with D Red had the most significant reduction in 
survivorship in comparison to the control. Dusting using BC Red or BC Pink showed 
both reasonable performance in marking and impact on overall survival across males 
and females. Overall, the dust storm method provided the best trade-off between 
survival and marking efficiency.
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Chapter 6 – General Discussion 
6.1. Overview  
Land use changes have caused considerable declines in biodiversity due to loss of 
habitat availability, but are also a main driver in a range of infectious disease outbreaks 
and emergence events (Patz et al. 2004). The tropical rainforests of Southeast Asia 
are currently under threat from anthropogenic modification, due to the expansion of oil 
palm plantations (Fitzherbert et al. 2008; Phalan et al. 2013). It is important to 
understand the effect of land use change on vector and parasite dynamics to improve 
our ability to assess health risks in a changing world. The objective of this thesis was 
to investigate the impacts of land use change, particularly deforestation and oil palm 
expansion, on mosquito community dynamics. In this chapter, I will review the results 
of my research, discuss the implications of my findings within a wider context, and 
outline topics for future study. 
6.2. Land use change and vector-borne diseases  
The results presented in this thesis show land use change can increase some species, 
but decrease others. Land use change disrupts, eliminates or creates new ecological 
niches, which can either increase or decrease vector species (Walsh, Molyneux & 
Birley 1993; Patz et al. 2000, 2004; Leisnham et al. 2007). This thesis showed a 
significant increase of the landing rate of Anopheles vectors on human collectors from 
primary forest to logged forest (Chapter 2-3). This was also seen from primary forest 
to virgin jungle reserve (Chapter 4). In Sabah and Sarawak, there are few areas of 
primary forest remaining (Bryan et al. 2013), and efforts are being made to preserve 
areas to maintain biodiversity. By preserving these areas, it will prevent further 
increases in the number of medically important mosquitoes, such as Anopheles 
balabacensis.  
The differences in the community composition of mosquitoes collected between 
primary forest and oil palm (Chapter 2) may be explained through the water bodies 
present in each area. Although it was not studied in this thesis, water bodies can differ 
in water quality (e.g. turbidity, pH) across land use (Patz et al. 2000). The amount of 
shade in each area from canopy cover may have contributed to differences seen 
between land use. In this thesis, canopy cover ranged from 37.5% in oil palm to 87.3% 
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in primary forest (Chapter 3). Anopheles balabacensis is a forest-dwelling species, 
and deposits eggs in the shaded pools (Chapter 1, Table 1.1). This may explain why 
there was a significant difference seen between the abundance of An. balabacensis 
between disturbed forest, and highly disturbed forest (Chapter 3).  
Deforestation and agricultural expansion can increase human risk from disease due 
to change in habitats and altered behaviour of humans. For example, forest clearing 
can result in humans with a low-level immunity to diseases moving into a disease-
endemic area and spreading the disease (Martens & Hall 2000). Workers involved in 
logging and agricultural activities can be at risk from vector-borne diseases. For 
example, increased contact between humans and forested areas has increased other 
vector-borne diseases, such as  Leishmaniasis (Gratz 1999) Forest clearing may 
deplete mosquito species initially, but this may be followed by colonisation by a more 
efficient vector species and an increase in disease transmission (Guerra, Snow & Hay 
2006). 
Overall, there are unanswered questions about which environmental factors are 
affecting the community composition across land use. It is clear from our results in 
Chapter 2 that land use change affected malaria and dengue vectors differently. For 
this reason, the implications of land use change on malaria and dengue vectors are 
discussed separately in Sections 6.3.1-2.   
6.2.1. Human and simian malaria 
This thesis investigated the preference of mosquitoes landing at ground and canopy 
level (Chapter 4). Chapter 4 provided essential data on the anthropophily of Anopheles 
species in the Tawau Division of Sabah, Malaysia, for the planning of vector control 
strategies. Anopheles balabacensis had a preference for landing on humans at ground 
level within the logged and lightly logged forest. For studies looking at sampling 
anthropogenic mosquitoes in Malaysian forests, ground level human landing catches 
would be more beneficial than canopy catches.  
Previously monkey-baited traps at different canopy heights (0 m, 3 m and 6 m) have 
been used to study Plasmodium knowlesi vectors, alongside human landing catches 
at ground level (Tan et al. 2008; Jiram et al. 2012). These studies found An. latens 
was positive for sporozoites, and was attracted to both human and monkey hosts. 
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Anopheles latens preferred to bite long-tailed macaques at six meters rather than 
ground level or three meters. In this thesis, Anopheles latens was found landing on 
humans at ground and canopy level, but numbers were too low to determine 
preference. In Chapter 3, An. latens was the predominant species in the primary forest 
(Maliau Basin Conservation Area), but with a relatively low number of bites per human 
bait, per night (18:00-23:00h). Low numbers of An. latens were also seen in Chapter 
4, where only one An. latens was collected in the primary forest (Danum Valley 
Conservation Area). Anopheles latens has been incriminated as a P. knowlesi vector 
in Sarawak (Vythilingam et al. 2006; Tan et al. 2008), but based on the low number of 
An. latens catches in this thesis, it appears unlikely that this vector is causing the 
increase of P. knowlesi in Sabah.   
Anopheles balabacensis was the predominant species collected in highly disturbed 
forest, disturbed forest and oil palm plantations in this thesis (Chapter 2-4). It is one of 
the main Anopheles vector capable of spreading human malaria, and has also been 
incriminated as a simian malaria vector (Collins, Contacos & Guinn 1967; Vythilingam 
2010; Wong et al. 2015). In Palawan Island, An. balabacensis was more attracted to 
monkey-baited traps than human baited catches (Miyagi 1973; Manguin 2013). It is 
unknown if An. balabacensis has the same biting preference as An. latens by biting 
macaques in the canopy, but the species is known to bite humans and macaques 
(Manguin 2013), which means it has the potential ability to transmit P. knowlesi 
between simian hosts and ground-dwelling humans.  
Between 2001 and 2003, An. donaldi appeared to have replaced An. balabacensis as 
the main vector in Kinabatangan, Sabah (Vythilingam et al. 2005). This displacement 
was thought to have occurred from deforestation and malaria control activities, and 
resulted in a reduction of human malaria cases (Vythilingam et al. 2005; Vythilingam 
2012). It appears in recent years An. balabacensis has re-established as the primary 
vector of malaria in Sabah (Wong et al. 2015), which may pose a threat to malaria 
elimination targets of 2020 in Malaysia. Chapter 3 showed the number of An. 
balabacensis landing in young oil palm plantations (7-13 years old, 4-8 m high) was 
not significantly different to highly disturbed forest sites. Chang et al. (1997) showed 
reductions in human-biting rates of Anopheles from logged forest through to oil palm 
planting and maintenance (1 year old, 2-3 m high). Oil palm plantations have a 25-30 
year life cycle, and begin to fruit after 3-5 years (Butler, Koh & Ghazoul 2009). As oil 
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palm matures, the microclimate becomes more buffered, leaf litter increases and the 
canopy eventually closes (Luskin & Potts 2011). This thesis showed mosquito 
abundance appears to recover as oil palm mature. Further surveys should be 
conducted in older plantations, once the canopy fully closes.    
This thesis found Anopheles balabacensis started landing on humans from 18:00h, 
and biting within close proximity to housing estates within oil palm plantations (Chapter 
2-4). Studies from previous decades showed this species was mainly a late night biter 
(21:00-22:00h), but they now appear to be biting during the early evenings before adult 
hosts are under insecticide-treated bed nets (ITNs) (Hii 1985; Rohani et al. 1999; 
Vythilingam et al. 2005). Other studies have reported earlier mosquito biting times 
following the use of ITNs, due to selective pressure placed on the vector population 
(Mbogo et al. 1996; Takken 2002). Current vector control methods in Malaysia include 
ITNs and indoor residual spraying (IRS), but as P. knowlesi vectors are highly 
anthropophilic, exophagic and exophilic, current control methods are not sufficient to 
break the transmission cycle of P. knowlesi from primate to human or human to human 
(Manguin 2013). 
Results from this thesis have highlighted the need for a new control method within 
Malaysia to reduce the number of P. knowlesi vectors, especially within oil palm 
plantations. The use of long-lasting insecticidal hammocks (LLIH) have shown to 
reduce malaria incidence and prevalence in forested areas of Vietnam and Cambodia 
(Thang et al. 2009; Sochantha et al. 2010). The use of LLIH should be encouraged in 
areas of ecotourism, where people stay in or near forests overnight (Manguin 2013). 
Oil palm workers should be made aware of the risks of visiting forests and forest-
fringes during the evenings, and encouraged to use ITNs, repellents and LLIH. 
This thesis also found An. macarthuri was the second most abundant mosquito in the 
disturbed forests (Chapter 3-4). This species also belongs to the Leucosphyrus group, 
and although it hasn’t been incriminated as a P. knowlesi vector, all members of the 
Leucosphyrus group are capable of transmitting P. knowlesi experimentally (Baird 
2009). Tan et al. (2008) found the second most abundant species to their monkey trap 
was An. macarthuri, meaning it readily bites humans and macaques. It is unknown 
how actively this species is involved in the transmission of P. knowlesi, but it could 
potentially have a role in transmitting the parasite from primate to primate, and primate 
to human. Further entomological studies need to be carried out to understand the 
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primate-vector-human interactions occurring in P. knowlesi infected areas, and to 
predict exposure risk in response to environmental change. 
Plasmodium knowlesi cases have increased during the last decade, and is now the 
most common cause of malaria in Sabah (William et al. 2013, 2014). Malaysia is 
currently in the pre-elimination phase of malaria elimination (WHO 2014b), and the 
rise in cases threatens the achievement of malaria control goals (William et al. 2014). 
Family clusters of P. knowlesi cases were considered rare because transmission was 
mainly occurring in densely forested areas, but these cluster of cases suggest human-
vector-human transmission is occurring in peridomestic areas (Barber et al. 2012). 
This change in transmission is thought to be linked to deforestation and land use 
change (Barber et al. 2012; Fornace et al. 2016). Although humans have always 
shared habitats with non-human primates, the destruction of primate habitats has 
changed the dynamics of human-primate interactions (Chapman, Gillespie & Goldberg 
2005). Deforestation, logging and forest fragmentation increases human-wildlife 
interactions, and in many areas has caused monkeys, humans and forest dwelling 
vectors to interact more frequently (Wolfe et al. 2005; Vythilingam 2010). This 
increases the potential for zoonotic malaria transmission. 
Previously, cases of P. knowlesi have appeared in patients with a recent history of 
forest or forest-edge exposure, and had seen a macaque in the preceding month 
(Barber et al. 2013a). Given the current rate of deforestation in Malaysia, the number 
of human-wildlife interactions are likely to increase. This thesis found a high 
abundance of P. knowlesi vectors within oil palm plantations. The increase in human-
wildlife interactions and the high number of P. knowlesi vectors may increase the risk 
of future human to human transmission of simian malaria.  
There are important issues regarding P. knowlesi that remain unanswered, particularly 
information on the ecology of simian vectors. Further studies are required to address 
these knowledge gaps, such as risk factors for the acquisition of the disease, the 
extent of human-vector-human transmission occurring, identifying the mosquito 
vectors in Sabah and monitoring how land use change affects the disease risk as 
ecological changes continue. With continued oil palm expansion and fragmentation of 
remaining forests, there is the potential for vectors to switch to hosts, and must be 
actively monitored.   
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6.2.2. Dengue 
This thesis investigated the presence and absence of container breeding mosquitoes 
across an anthropogenic gradient. Chapter 2 found the dengue vector, Stg. albopicta, 
breeding in rural housing compounds. Human landing catches could not be carried out 
in the rural housing compounds due to resident’s interest in the study, which would 
have resulted in a biased collection. The oil palm plantation sites, which were 440-
1000 m from the rural housing compounds, did not collect any container breeding 
mosquitoes. As Stg. albopicta was collected using human landing catches in the oil 
palm sites, the absence in the ovitraps suggests their host-searching diversion from 
more suitable habitats. Since Stg. albopicta has been shown to have a limited host-
searching range, it is unlikely to be far from the oil palm sites. Stegomyia albopicta has 
been shown to fly 400-800 m in dispersal studies, and may fly into the oil palm 
plantation in search of hosts (Niebylski & Craig 1994; Reiter et al. 1995; Honório et al. 
2003).  
The incidence of dengue in Malaysia has grown rapidly in recent decades, from 46,000 
cases in 2007 to 108,698 cases in 2014 (Benitez 2009; Lee et al. 2015). Controlling 
the Stegomyia vectors is the main tool for the management of dengue as there is no 
vaccine or specific treatment (WHO 2015a). This study observed high levels of social 
detritus within each rural housing compound, with a high presence of Stg. albopicta 
larvae. The removal of these potential breeding sites is important, because dengue is 
increasingly being reported in urban and rural areas (Azami et al. 2011).  
Ovitrap surveillance is the most common method used to detect the presence of 
dengue vectors (Lau et al. 2013), which could result in a disease outbreak. There are 
important issues regarding dengue that remain unanswered, for example: Will further 
urbanisation in Malaysia increase the number of dengue cases? What is the best way 
to reduce artificial containers in rural areas? How far do the dengue vectors fly to seek 
hosts (for use in dengue risk models)? 
6.2.3. Marking techniques and dispersal  
Chapter 5 investigated the effect of different mosquito marking methods and colour on 
Stg. aegypti, to find the best technique for use in mark-release-recapture (MRR) 
studies in the field. This chapter found that marking technique is important for the 
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survival of Stg. aegypti before releasing them. The mosquito marking methods 
compared in this study were; applying the dust using a bulb duster, placing mosquitoes 
in a bag containing dust and gently shaking or by creating a dust storm within a cage. 
The best marking method to optimise mosquito survival, whilst maintaining visibility, 
was the dust storm in a cage. This method provides a cost-effective, persistent and 
non-detrimental marking technique.  
MMR techniques are a powerful tool for the estimation of mosquito population 
densities, feeding behaviour, duration of gonotropic cycles and their dispersal 
behaviour, which are important for understanding mosquito-borne disease 
transmission (Silver 2008; Guerra et al. 2014). Chapter 5 showed marking techniques 
have the potential to affect the mortality of marking individuals in a way that could bias 
the results arising from MRR experiments. Marking methods and dust colour should 
be rigorously compared before use in the field (Silver 2008), as the effects of dusts on 
insect survival and behaviour vary with species (Narisu, Lockwood & Schell 1999).  
There is a scarcity of MRR information for vector species in Borneo (Guerra et al. 
2014). MRR studies in Sabah on Stg. aegypti and Stg. albopicta could provide 
essential dispersal and host-searching range in oil palm plantations and surrounding 
rural and urban areas for use in future dengue risk models. The use of MRR studies 
in studying simian malaria could provide information on how far simian vectors travel 
from the forest to rural areas. This would be particularly useful in oil palm plantations 
and fragmented forest to assess risk of simian malaria. This data could then be used 
for the planning of future housing areas, and how far away from the forest they should 
be to decrease simian malaria. 
6.3. Conclusions 
Deforestation, agricultural expansion and intensification are the main drivers of habitat 
change in tropical regions (Laurance, Sayer & Cassman 2014), but also a range of 
infectious disease outbreaks and emergence events (Patz et al. 2004). The rapid 
expansion of oil palm plantations in Southeast Asia threatens many species, however, 
less is understood about how vector abundance, distribution, exposure to humans and 
biting rates vary relative to land use change. The results of this thesis show the 
community composition of anthropogenic mosquitoes was separated along land use, 
which was driven by medically important mosquitoes. Differences in community 
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composition were also seen in areas of rural housing in comparison to disturbed forest 
and primary forest, due to the presence of Stg. albopicta in rural housing compounds. 
Anopheles balabacensis was the predominant species collected in highly disturbed 
forest, disturbed forest and oil palm plantations in this thesis. This species is the main 
malaria vector in Sabah, and is capable of spreading simian malaria. It had a 
preference for feeding on humans at ground level, when given a choice between 
ground and canopy level. This thesis highlighted the need for future MMR studies to 
be conducted across land use, to estimate dengue and simian malaria vector 
population densities, feeding and dispersal behaviour. It is important to understand the 
effect of land use change on vector and parasite dynamics to improve our ability to 
assess health risks in a changing world. Further data collection is critical for a better 
understanding of complex interactions between land use and infectious diseases. 
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Figure A.1. Ovitrap design 
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Figure A.2. DCA from Figure 2.2a, only showing only species labels. See Table A.1 for full 
species names 
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Figure A.3. DCA from Figure 2.2b, only showing only species labels. See Table A.1 for full 
species names 
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Table A.1. List of full taxonomic names of collected species 
Species 
abbreviation 
Mosquito genera and species 
An.Ait Anopheles (Anopheles) Aitkenii group (Reid & Knight 1961) 
An.bar Anopheles (Anopheles) barbirostris (van der Wulp 1884) 
An.van Anopheles (Anopheles) vanus (Walker 1860) 
An.sp Anopheles (Anopheles) spp. 
An.bal Anopheles (Cellia) balabacensis (Baisas 1936) 
An.koc Anopheles (Cellia) kochi (Dönitz 1901) 
An.lat Anopheles (Cellia) latens (Sallum & Peyton 2005) 
An.maca Anopheles (Cellia) macarthuri (Colless 1956) 
An.macu Anopheles (Cellia) maculatus (Theobald 1901) 
An.tes Anopheles (Cellia) tessellatus (Theobald 1901) 
An.wat Anopheles (Cellia) watsonii (Leicester 1908) 
Arm.jug Armigeres (Armigeres) jugraensis (Leicester 1908) 
Arm.con Armigeres (Armigeres) confusus (Edwards 1915) 
Arm.fl Armigeres (Armigeres) flavus (Leicester 1908) 
Coll.pse Collessius (Alloemyia) pseudotaeniatus (Giles 1901) 
Coq.cr Coquillettidia (Coquillettidia) crassipes (van der Wulp 1881) 
Cx.Cul Culex (Culiciomyia) spp. 
Cx.nig Culex (Culiciomyia) nigropunctatus (Edwards 1926) 
Cx.pap Culex (Culiciomyia) papuensis (Taylor 1914) 
Cx.sca Culex (Culiciomyia) scanloni (Bram 1967) 
Cx.gel Culex (Culex) gelidus (Theobald 1901) 
Cx.mim Culex (Culex) mimulus (Edwards 1915) 
Cx.qui Culex (Culex) quinquefasciatus (Say 1823) 
Cx.sit Culex (Culex) sitiens (Wiedemann 1828) 
Cx.vis Culex (Culex) vishnui (Theobald 1901) 
Cx.Lop Culex (Lophoceraomyia) sp. 
Cx.bit Culex (Oculeomyia) bitaeniorhynchus (Giles 1901) 
Do.gan Downsiomyia ganapathi (Colless 1958) 
He.sci Heizmannia (Heizmannia) scintillans (Ludlow 1905) 
Ma.ann Mansonia (Mansonioides) annulata (Leicester 1908) 
Or.sp Orthopodomyia sp. (Theobald 1904) 
Pr.ost Paraedes ostentatio (Leicester 1908) 
Stg.al Stegomyia albopicta (Skuse 1895) 
Tri.sp Tripteroides sp. (Giles 1904) 
Ur.sp Uranotaenia spp. (Lynch Arribalzaga 1891) 
Ze.gra Zeugnomyia gracilis (Leicester 1908) 
 
Table A.2. Effects of land use on sex ratio of hatched larvae, using a generalised linear model 
with quasipoisson errors 
Predictor β SE z p 
Intercept 0.074 0.111 0.664 =0.506 
Area HDF -0.102 0.176 -0.578 =0.563 
Area PF -0.068 0.123 -0.549 =0.583 
Area SU -0.053 0.181 -0.294 =0.768 
Area OP NA NA NA NA 
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Table B.1. List of full taxonomic names of collected species 
Mosquito genera and species 
Anopheles (Anopheles) Aitkenii group (Reid & Knight 1961) 
Anopheles (Anopheles) barbirostris (van der Wulp 1884) 
Anopheles (Anopheles) vanus (Walker 1860) 
Anopheles (Anopheles) spp. 
Anopheles (Cellia) balabacensis (Baisas 1936) 
Anopheles (Cellia) kochi (Dönitz 1901) 
Anopheles (Cellia) latens (Sallum & Peyton 2005) 
Anopheles (Cellia) macarthuri (Colless 1956) 
Anopheles (Cellia) maculatus (Theobald 1901) 
Anopheles (Cellia) tessellatus (Theobald 1901) 
Anopheles (Cellia) watsonii (Leicester 1908) 
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Figure C.1. DCA from Figure 4.5, only showing species labels. See Table C.1 for full species 
names 
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Table C.1. List of full taxonomic names of collected species in Chapter 4 
Species 
abbreviation 
Mosquito genera and species 
Am.orb Aedimorphus orbitae (Edwards 1922) 
An.Ait Anopheles (Anopheles) Aitkenii group (Reid & Knight 1961) 
An.bar Anopheles (Anopheles) barbirostris (van der Wulp 1884) 
An.sp Anopheles (Anopheles) sp. 
An.bal Anopheles (Cellia) balabacensis (Baisas 1936) 
An.lat Anopheles (Cellia) latens (Sallum & Peyton 2005) 
An.maca Anopheles (Cellia) macarthuri (Colless 1956) 
An.macu Anopheles (Cellia) maculatus (Theobald 1901) 
An.wat Anopheles (Cellia) watsonii (Leicester 1908) 
Arm.con Armigeres (Armigeres) confusus (Edwards 1915) 
Arm.jug Armigeres (Armigeres) jugraensis (Leicester 1908) 
Arm.sp Armigeres (Armigeres) sp. 
Coll.pse Collessius (Alloemyia) pseudotaeniatus (Giles 1901) 
Coq.cr Coquillettidia (Coquillettidia) crassipes (van der Wulp 1881) 
Cx.sit Culex (Culex) sitiens (Wiedemann 1828) 
Cx.vis Culex (Culex) vishnui (Theobald 1901) 
Cx.Lop Culex (Lophoceraomyia) sp. 
Do.gan Downsiomyia ganapathi (Colless 1958) 
Ph.pro Phagomyia prominens (Barraud 1923) 
Pr.ost Paraedes ostentatio (Leicester 1908) 
Stg.al Stegomyia albopicta (Skuse 1895) 
Stg.sp. Stegomyia sp.  
Ve,sp Verrallina sp. 
  
  
  
  
